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ABSTRACT
Background: Children born very preterm are more likely to have difficulties with language
acquisition and use that persist throughout childhood. Preterm birth occurs at a critical time in
brain development and interrupts neurodevelopment, which has downstream implications for
altered neural structure and function. Prematurity and socioeconomic status greatly impact
language performance in children, but the neural substrates are poorly understood. Here the
neural constituents of language performance are examined in select cortical and subcortical
regions. Methods: Fifty-one children born preterm (24-31 weeks) and 20 born full-term were
seen at preschool (mean age = 47 months) and school age (mean age = 74 months). Diverse
aspects of language performance were evaluated at preschool and school age and were also
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aggregated into a single score using principle components analysis. At preschool age, measures
of cortical thickness, surface area, subcortical volumes, and fractional anisotropy of white matter
tracts were calculated for select frontotemporal regions implicated in language. Caregivers
reported on many sociodemographic variables which were reduced using principle components
analysis. Repeated measures general linear models were used to examine group differences in
language performance and to determine the contributions of group, socioeconomic status, and
neuroanatomical substrates to language performance. Results: Children born very preterm
performed more poorly than children born full-term on tests of receptive language, verbal
fluency and verbal working memory at preschool and school age. Five measures of language
performance were reduced to one principle component at both preschool and school age.
Socioeconomic status significantly accounted for language performance across groups and time
points. Initial neuroanatomical analyses found that subcortical volumes significantly accounted
for language performance. Analyses of language performance including neuroanatomy and
socioeconomic status revealed that socioeconomic status had a significant main effect, as did
some specific measures of cortical thickness, subcortical volumes and white matter tracts.
Conclusions: Our findings provide support for poorer language performance in children born
very preterm at preschool and school age. The relationship between structural neuroanatomic
variations associated with preterm birth and language deficits is supported by our findings that
language performance was significantly associated with subcortical volumes. This result
highlights the possible importance of corticostriatal learning circuits in poorer language
performance in children born very preterm. Importantly, our findings that socioeconomic status
substantially accounted for language performance also emphasizes the multifactorial
determinants of language problems in preterm birth, which is still poorly understood despite
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decades of research. Finally, these results have important implications for early intervention on
an individual level, as well as policy reform to improve the broader social conditions and
medical resources needed by so many Americans.
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INTRODUCTION
Due to improvements in medical care, infants born very preterm (<32 weeks) are
surviving at higher rates and with lower incidence of major disabilities than in the past (Saigal &
Doyle, 2008). Despite these improvements, there is clear evidence that children born preterm
without significant acute medical complications may experience mild difficulties, including
problems related to cognition, language, executive functioning, motor abilities, and emotional
and behavioral functioning that persist throughout childhood (Aarnoudse-Moens, WeisglasKuperus, van Goudoever, & Oosterlaan, 2009; Magill-Evans, Harrison, Van der Zalm, &
Holdgrafer, 2002; Murner-Lavanchy et al., 2014; Noort-van der Spek, Franken, & WeisglasKyperus, 2012; Pugliese et al., 2013;) and into adulthood (Heinonen et al., 2018; Moster, Lie, &
Markestad, 2008; Sammallahti et al., 2017). These findings have led to the proposal of an
“encephalopathy of prematurity”, which is posits that neonatal brain injury and its subsequent
consequences (both clinical and anatomical) can be conceptualized as the consequence of
prenatal disturbances that persist throughout development (Volpe, 2009).
A brief overview of preterm birth in the United States will be provided, including
important risk factors (social, medical, genetic) that may contribute to increased risk of preterm
birth. Next, the impact of preterm birth on language acquisition and use will be discussed, which
highlights the significant impact of this condition on overall functioning. Research on the neural
correlates of language development will then be presented, focusing predominantly on healthy,
full-term children and adults but with a brief section on lesion studies as well, with a focus on
developmental processes as well as lateralization. After this foundation is provided, research
investigating neural correlates of individuals born preterm will be presented, with a specific
focus on white matter microstructure and gray matter, as well as relationship with language
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performance. Finally, socioeconomic status in children will be presented, including issues in
measurement of socioeconomic status in children, as well as the extant research on the
relationship between socioeconomic status with preterm birth, language performance, and
structural anatomy.
In the present study, we utilized multi-modal structural neuroimaging and
neuropsychological assessment to investigate the relationship between socioeconomic status and
language performance in young children born preterm. Our hope is to illuminate some the
possible mechanisms mediating adverse SES effects in this vulnerable group, in hopes of
eventually developing novel prevention and treatment efforts.
PRETERM BIRTH
Preterm birth occurs when an infant is born prior to 37 weeks of pregnancy (Centers for
Disease Control and Prevention [CDC], 2018). In 2016, preterm birth impacted about 1 out of
every 10 infants born in the United States. While rates of preterm birth decreased between 2007
to 2014, it increased in 2015, 2016, and 2017 (CDC, 2018). There is significant variability
between states in rates of preterm birth; in 2017, some states had rates of preterm birth as low as
7.5% whereas other states had a preterm birth rate of 13.6% (CDC, 2018). Despite
improvements in medical care in developed countries, the United States has consistently had a
higher preterm birth rate relative to other western countries (Bronstein, 2017). This persisting
trend highlights that there is still much that is unknown about the phenomenon of preterm birth.
Preterm birth is unique among medical conditions as it is defined by time and not by a
distinctive clinical phenotype (Kramer et al., 2012). Multiple causal influences have been
proposed, each with substantial empirical support, yet the relative importance of each, and
possibility of interactions among them, remain very active areas of investigation. Preterm birth
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can occur in the context of spontaneous as well as interventional preterm birth. The focus of the
current research is on spontaneous preterm birth, which has been associated with a number of
factors, including social stress and race.
While perinatal outcomes for children born preterm have improved due to research and
advances in neonatal care, the rates of spontaneous preterm birth have remained relatively static
(Keelan & Newnham, 2017). A recent systematic review found significant socioeconomic
disparities in adverse birth outcomes, such as preterm birth and low birth weight (Blumenshine et
al., 2010). There are significant racial and ethnic disparities in preterm birth rate, as the preterm
birth rate for black women (14%) was about 50% higher than the rate of preterm birth among
non-Hispanic white women (9%) in 2016 (Ferré, Callaghan, Olson, Sharma, & Barfield, 2016).
Numerous epidemiological studies have shown associations between maternal race, poverty,
lower educational attainment, younger maternal age, unmarried status, and inadequate prenatal
care with increased risk of preterm birth and low birth weight (Muglia & Katz, 2010).
Interestingly, research has found that the rate of preterm birth from mothers of African origin
varies based on maternal birthplace. Rates of preterm birth are higher among black mothers who
were born in the United States than among black mothers who were born outside the United
States, yet the rates for both groups are higher than those of non-Hispanic white mothers within
the United States (Muglia & Katz, 2010). Lu and colleagues (2010) proposed a framework to
understand the significant black-white gap in birth outcomes using a life course approach. They
emphasize the need to increase access to healthcare throughout the lifespan, enhance family and
community systems that may impact health, and address social and economic inequities that
underlie health disparities (Lu et al., 2010).
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Another major causal influence is infection and inflammation, as intrauterine infection is
thought to be related to activation of the innate immune system (Goldenberg, Culhane, Iams, &
Romero, 2008). Lastly is intrauterine bleeding, specifically in the third trimester, which can be
caused by placental abruption or placenta previa (Goldenberg et al., 2008; Muglia & Katz, 2010).
Spontaneous preterm birth accounts for around two thirds of preterm birth. Interventional
preterm birth occurs when a labor is stimulated artificially or a cesarean section is preformed.
Conditions most frequently associated with preterm birth include preeclampsia, placental
abruption, fetal distress, and fetuses that are small for gestational age (Bronstein, 2017). While
these are some of the factors that may contribute to preterm birth, there are other approaches that
attempt to conceptualize it as well.
Complementary paradigms for the occurrence of preterm birth have been proposed that
focus more on genetic contribution and evolutionary perspective. Women who have a family
history of preterm birth are at increased risk for preterm birth, and similarly, women who have a
family history of post-term are also at increased risk for post-term birth (Goldenberg et al.,
2008). Taken together, these findings indicate that there may be persisting individual influences
that contribute to variations in gestational length. Indeed, research has found that there are
genetic factors at play, although there are important gene-environment interactions that
contribute to preterm birth (Muglia & Katz, 2010). Others have attempted to conceptualize
preterm birth in terms of possible evolutionary advantages of premature termination of
pregnancy. Examples of possible maternal advantages in the face of maternal or fetal health
complications include conservation of maternal nutrition or viability of the mother or fetus
(Muglia & Katz, 2010).
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Preterm birth has significant political, healthcare, and ethical dimensions. Politically, it is
directly related to women’s fertility, poverty, and racial inequality. There are pressures to
identify high risk pregnancies, provide adequate prenatal care, and increase survival rates of
preterm infants. Given the significant healthcare expenditure related to prematurity, there is
significant interest in decreasing rates of preterm birth and optimizing outcomes. However,
preterm birth has been framed in a variety of ways, all of which has significant consequences.
Bronstein (2017) stated that the preterm birth has been portrayed as a solvable social problem in
the United States, which has had significant consequences for development of federal assistance
to these families. In 2017, Medicaid was the source of payment for 43% of all births, which
ranged from 30.5% of births by non-Hispanic white mothers to 65.9% of non-Hispanic black
mothers (Martin et al., 2018). The Institute of Medicine estimated that, in 2005, the annual
societal economic burden associated with preterm birth was $51,600 per infant born preterm,
which amounted to $26.2 billion annually (Behrman & Butler, 2007). Through the Individuals
with Disabilities Education Act (IDEA), children in the United States are afforded early
intervention services, which cover children from birth to age 3, and special education services
once they reach school age. The Institute of Medicine estimated that early intervention costed an
estimated $611 million and special education an estimated $1.1 billion (Behrman & Butler,
2007). Given the significant costs associated with preterm birth, there is interest in reducing the
incidence of preterm birth and optimize outcomes. Next, difficulties in language acquisition and
use in children born preterm will be discussed.
LANGUAGE PERFORMANCE IN CHILDREN BORN PRETERM
Children born preterm are at increased risk for developmental delay that increases with
decreasing gestational age (Chan, Leong, Malouf, & Quigley, 2016; Moster et al., 2008).
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Although intellectual functioning is the most common outcome that is measured in this
population, it is important to take broader and more comprehensive approach to evaluating
outcomes in children born preterm (Aylward, 2002). In particular, children born very preterm
have demonstrated difficulties with language acquisition and use, including delays in vocabulary,
language comprehension, expressive language, and naming (Magill-Evans et al., 2002; MurnerLavanchy et al., 2014). The prevalence of weak language skills in children born preterm was 1618% at 2 years of age and 20-27% at 5 years of age, and earlier weak language skills predicted
later weak language skills (Stolt et al., 2014). Performance discrepancies between preterm and
full-term children have been shown to widen between 3 and 12 years of age (Noort-van der Spek
et al., 2012). However, there is evidence that a portion of these children may achieve
comparable performance to full-term counterparts by age 16 (Luu, Vohr, Allan, Schneider, &
Ment, 2011), although deficits are still evident in a significant portion of adolescence and
adulthood (Northam et al., 2012). It remains unclear if difficulties with language increase with
age due to increasing cognitive demands or indicate a delay in language acquisition that
diminishes with age (Keunen et al., 2012). These considerations make clear that to understand
the manner in which language difficulties evolve over time we must study preterm children of
different ages and follow them over time.
Aspects of executive functioning are important in language acquisition and use, including
verbal fluency and working memory. Children born very preterm have difficulties with working
memory and short delay recall compared to full-term controls at age 5 (Roberts, Lim, Doyle, &
Anderson, 2011) and 7 (Omizzolo et al., 2014). Interestingly, verbal long delay recall was
relatively preserved at 7 years of age, while visual working memory, short delay recall, and long
delay recall were impaired; this pattern of impairment may reflect a primary impairment of
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working memory in the verbal, but not visual, abilities (Omizzolo et al., 2014) or an impairment
in the central executive (Best & Miller, 2010). Lower performance on verbal fluency and
sentence completion was also found in adolescence and adulthood (Nam et al., 2015). In a metaanalysis of neurobehavioral outcomes in children born very preterm age 8 to 19, a moderate
effect size was found for verbal fluency (d = 0.57) and a small effect size was found for working
memory (d = 0.36) (Aarnoudse-Moens, Weisglas-Kuperus, van Goudoever, & Oosterlaan, 2009).
In the following section, the neural bases of language development in children and adults will be
reviewed.
BRIEF OVERVIEW OF NEURAL DEVELOPMENT
Overall growth of the brain is quite rapid within the first few years of life. Rapid changes
occur in the maturation of white matter tracts within the first year of life, with fractional
anisotropy increasing by 9-44% within the first year of life, and increasing by more than 25%
within the second year with more gradual increases thereafter (Gilmore, Knickmeyer, & Gao,
2018).
Cortical volume represents a composite of cortical thickness and cortical surface area,
each of which are morphometric properties of the brain that are distinct in terms of their
evolution, genetics, and development (Raznahan et al., 2011). The volume of the brain is
roughly 35% of adult volume by two or three weeks following birth, doubles in size within the
first year of life, and increases a further 15% within the second year of life. Following the
second year of life, volume increases are more gradual. Gray and white matter have different
trajectories of growth, with white matter growing at a gradual pace and gray matter undergoing a
more rapid development (Gilmore et al., 2018). Cortical volume reaches its maximum volume
prior to age 10, and starts to decrease rapidly around age 16 (Schnack et al., 2015). Total gray
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matter volume is associated with intelligence at age 15, but not at age 7 or 10 (Wilke, Sohn,
Byars, & Holland, 2003).
Cortical thickness is the shortest distance between the surface of the white matter and
surface of the pial gray matter. Cortical thickness typically peaks in the first two years of life
and declines thereafter, as it increases 31% from birth to 12 months and an additional 4.3% in the
second year (Gilmore et al., 2018). It has been found to decrease rapidly around age 10 and
reach a plateau around age 30, and thinning between age 30 and 60 was described as marginal
(Schnack et al., 2015). In early childhood, a predominantly negative correlation has been found
between cortical thickness and intelligence, whereas a positive correlation has been identified
between cortical thickness and intelligence in late childhood and beyond (Shaw et al., 2006).
Similarly, faster thinning of the cortex was found over time in children and adolescence with
higher intelligence (Schnack et al., 2015).
Surface area is the area of exposed cortical surface and the area of cortex hidden in sulci.
Surface area continues to expand into late childhood and possibly early adolescence, as it
expands by 76% from birth to 12 months and another 22% by age 2 (Gilmore et al., 2018).
Cortical surface area was found to expand until age 13 and decrease at a modest rate until 45,
when the rate of shrinkage became more pronounced (Schnack et al., 2015). Larger cortical
surface area has been found in children with higher intelligence (Schnack et al., 2015).
In summary, cortical surface area increases throughout childhood and early adolescence
and decrease in adulthood, while cortical thickness decreases rapidly in childhood and early
adolescence and decrease more gradually and plateau in adulthood. Given that cortical volume
is a composite of cortical thickness and cortical surface area, research studies that use it as an
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outcome measure may not adequately capture the complexities of morphometric brain
development (Brito & Noble, 2014).
NEURAL BASIS OF LANGUAGE DEVELOPMENT
White matter microstructure and gray matter. Research has identified two major
language-relevant white matter streams between the frontal, parietal, and temporal regions,
called the Dual Stream Model. This model includes the ventral stream (“what” pathway), which
is largely involved in mapping sound to meaning, and the dorsal stream (“how” pathway), which
is largely involved in mapping sound to articulation. Although this is the most prominent
framework for conceptualizing the anatomy of language processing, the specific origins,
terminations, and extent of the specific association fiber pathways forming these streams are still
a matter of controversy (Dick, Bernal, & Tremblay, 2014; Dick & Tremblay, 2012). The ventral
stream is thought to be composed of the uncinate fasciculus, the extreme capsule, and the
middle/medial longitudinal fasciculus, inferior longitudinal fasciculus, and inferior frontooccipital fasciculus (Dick et al., 2014; Dick & Tremblay, 2012; Von Der Heide, Skipper,
Klobusicky, & Olson, 2013; Wu, Sun, Wang, & Wang, 2016). The dorsal stream is thought to
be composed of the superior longitudinal fasciculus/arcuate fasciculus (Dick et al., 2014; Dick &
Tremblay, 2012). Dick, Bernal and Tremblay (2014) have also emphasized the importance of
cortico-subcortical connectivity for speech (“motor stream”), as the motor production of speech
is a complex process that involves descending tracts, especially the cortico-bulbar pathway,
motor association pathways, and the cortico-basal ganglia loops.
These fiber pathways originate and terminate in cortical and subcortical gray matter,
which are involved in language processing as well, although the specific regions are still a matter
of debate (Dick & Tremblay, 2012). Broca’s area is located in the frontal lobe and is composed
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of the pars triangularis and pars opercularis of the inferior frontal gyrus; whereas Wernicke’s
area is located in the temporal lobe and is composed of the posterior superior temporal gyrus and
possibly parts of the angular gyrus and supramarginal gyrus (Dick & Tremblay, 2012). Regions
surrounding these classic areas are also utilized during language processing, although specific
regions are still under investigation, as are the age-related changes and maturation of the
language network throughout development.
Age-related changes and lesion studies. Functional neuroimaging studies enable
investigation of the neural correlates engaged by specific brain activity involved in language
processing, whereas lesion studies help to inform about compensatory processes as well as what
regions are necessary for language processing. Functional imaging studies have found that
language processing is supported by a fronto-temporal network in adults. Research from a
combined diffusion tensor and functional imaging study has found that adults make use of a
more confined language network than children during an auditory language comprehension task
(Brauer, Anwander, & Friederici, 2011). Specifically, adults and children age 7 both utilized the
pars opercularis (the posterior portion of Broca’s area), and pars triangularis is additionally
activated in children, which indicates a more extensive network used as well as alternative
connection to the temporal lobe (Wernicke’s area) (Brauer et al., 2011). This more extensive
network found in children may reflect the regions utilized in language acquisition, whereas the
more confined language network found in adults may reflect the regions utilized in language
implementation. These developmental changes are also reflected in the timing of cortical
myelination, which has been found to develop earliest in the primary somatosensory, motor,
visual, and auditory cortices; whereas the regions associated with more complex functioning,
such as the temporal pole, prefrontal, and association cortices are, slower to mature in children
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age 1 through 6 (Deoni, Dean, Remer, Dirks, & O’Muircheartaigh, 2015). Indeed, research has
found that the perisylvian brain regions involved in language processing have been shown to
undergo a slower course of maturation than any neural system (Sowell et al., 2003).
Investigation of language development in children with early focal brain injury gives
important insights on the emergence of compensatory forms of brain organization for language.
Research has found delays in early lexical development in children who acquired their lesion
prenatally or within 6 months of life (Thal et al., 1991). Children with a left-hemisphere lesion
had more severe delays on expressive language in the second and third year of life, whereas
children with right-hemisphere lesion had more severe delays in language comprehension (Thal
et al., 1991). Analyses investigating effect of lesion size revealed no effect; however, a “Ushaped” relation between lesion size and magnitude of early lexical development, such that
children with small and large lesions had less impairment than those with midsized lesions (Thal
et al., 1991). This gives important information about early plasticity as well as neural
specialization.
Another research study compared differential effects of unilateral lesions on language
production in children and adults (Bates et al., 2001). Children age 5 to 8 years with early focal
brain injury were globally intact in language production compared to both age- and lesionmatched adults, and showed an absence of specific lesion effect (right versus left hemisphere) on
language production (Bates et al., 2001). Adults demonstrated the classic effects of lesion
location on language production, such that adults with left hemisphere damage had effects
associated with different aphasia subgroups (Bates et al., 2001). These findings offer strong
evidence for early neural plasticity following unilateral brain injury in the context of early
language development.
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Lateralization and sex differences. Decades of research on adults has established that
language is supported by a typically left lateralized, fronto-temporal functional network in
around 95% of right-handed adults. In children born full-term, research has indicated that
language organization is extensive and bilateral in infancy and language lateralization to the left
hemisphere increases with age (Murner-Lavanchy et al., 2014). Research has identified the same
fundamental fronto-temporal networks in children as young as 4, but developmental differences
have been found as well, including lesser degree of lateralization and more activation of areas
outside of the basic network in children born full-term (Berl et al., 2014). Developmental
changes of the resting-state functional connectivity of the intrinsic language network have been
identified between ages 3 and 5, with an increasing resting-state functional connectivity between
the left anterior superior temporal gyrus and left inferior frontal gyrus (ventral) as well as
between the left inferior frontal gyrus with the left posterior superior temporal gyrus and sulcus
(Xiao et al., 2016). Developmental differences in laterality have been found to differ by region,
such that temporal language was the most strongly lateralized region and matched adults by 7
years of age, whereas the middle frontal gyrus and cerebellum were the least lateralized by 12
years of age (Berl et al., 2014). Children age 4 to 6 had greater activation in posterior cingulate,
anterior cingulate, and right inferior frontal gyrus during language tasks compared to children
aged age 7 to 9 and 10 to 12 (Berl et al., 2014). Age-related changes in cortical asymmetry in
myelination throughout early childhood found significant asymmetry in some regions at 1 year
of age that were not present at later ages (superior frontal gyrus, occipital pole), and other
regions had significant asymmetry that became apparent at an older age (precentral and lingual
gyri) (Deoni et al., 2015). Differences in lateralization have also been identified based on sex, as
males age 4 to 18 years showed a more left-hemisphere lateralization in the frontal and temporal
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language related areas during a visual verb generation task; whereas girls showed a more
bilateral pattern, particularly in frontal language-related areas (Yu et a., 2014). These sex
differences were greatest for children age 4 to 9. Interestingly, in children age 4 to 12,
strengthening of language lateralization with age for frontal and temporal regions was not found
to be associated with differences in task performance; however, stronger core language skills
were significantly correlated with greater right lateralization in the cerebellum (Berl et al., 2014).
The following section investigates neural correlates of language in children born preterm.
STRUCTURAL ANATOMY IN CHILDREN BORN PRETERM
Alterations in cognitive development of children born very preterm are underpinned by
neural abnormalities. A substantial part of myelination, proliferation, and organization of
synapses typically occurs in the last weeks of pregnancy (Ortinau & Neil, 2015; Volpe, 2009).
As children born very preterm are born before these processes are able to complete, structural
abnormalities are likely to occur which have downstream functional consequences. Indeed, in a
meta-analysis of children and adolescents born very preterm, reductions were found in total brain
volume (d = -0.58), white matter volume (d = -0.53), and gray matter volume (d = -0.62), as well
as in the cerebellum (d = -0.74), hippocampus (d = -0.47), and the mid-sagittal area of the corpus
callosum (d = -0.72) (De Kieviet, Zoetebier, Van Eldburg, Vermeulen, & Oosterlaan, 2012).
Identification of these differences through advanced magnetic resonance imaging tools at an
early age, as young as term-equivalent age, would facilitate implementation of targeted early
interventions (Parikh, 2016).
Researchers have attempted to conceptualize neural differences in individuals born
preterm relative to full-term controls throughout development. This has led to a proposal of
delayed maturation at earlier stages and accelerated maturation from adolescence forward
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(Karoliset al., 2017). According to this hypothesis, a process of developmental “catch-up” may
occur initially, where maturational gray matter patterns in very preterm adolescents would be
similar to those found in younger controls and the discrepancy would diminish over time.
Karolis et al. (2017) proposed that this may be too simplistic, and preferred to conceptualize it as
dysmaturation instead, which was operationalized as an inability to reach preset peaks in typical
developmental trajectories. This proposal is helpful given the non-linearity in gray matter
development. Although there has been a substantial amount of research investigating the
specific neuroanatomical correlates of functional outcomes in children born very preterm, these
relationships remain unclear. But research to date highlights the importance of understanding
this relationship, as structural alterations in gray and white matter have been found to account for
28% of the variance of language scores and 29% of the executive functioning in adolescents born
preterm (Nosarti et al., 2008). The following sections will include an overview of white matter
microstructure and gray matter in individuals born preterm, as well as neural correlates of
language processing.
White matter microstructure. In preterm birth, white matter injuries are common,
including periventricular leukomalacia and diffuse white matter injury (Lee, 2017; Volpe, 2009).
These diffuse lesions in white matter tracts are thought to contribute to a slower efficiency of
information processing and have the potential impact overall cognitive functioning.
A variety of advanced magnetic resonance imaging techniques are utilized to evaluate
integrity of white matter. The current focus will be on diffusion tensor imaging (DTI), which
provides a sensitive means of assessing integrity of white matter tracts at a microstructural level.
DTI assesses and quantifies water diffusion, which takes advantage of the fact that water
molecules diffuse more readily in the direction of the fibers than orthogonally. DTI indices
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include fractional anisotropy, which is the magnitude that water diffusion is constrained; mean
diffusivity, which corresponds to the directionally averaged magnitude of water diffusion; axial
diffusivity, which is the diffusion along the long axis of a fiber; and radial diffusivity, which is
the diffusion across the fiber (Chanraud, Zahr, Sullivan, & Pfefferbaum, 2010). Fractional
anisotropy is sensitive to the alignment and structural integrity of white matter fibers, which
includes the extent of myelination (Li et al., 2015). In general, fractional anisotropy increases
with age and increased fractional anisotropy typically indicates more mature white matter
bundles (Li et al., 2015). Reductions in fractional anisotropy may be due to a reduction in axial
diffusivity or an increase in radial diffusivity (Anjari et al., 2007).
Children born preterm have microstructural white matter differences relative to full-term
controls, presumably caused by preterm birth and its antecedents, that persist throughout
development. Infants who were born at 28 weeks gestation or earlier displayed additional and
more extensive reductions in fractional anisotropy at term-equivalent age than those born
between 29 and 32 weeks (Anjari et al., 2007), and decreasing maturity at birth was associated
with greater fractional anisotropy reduction of the arcuate fasciculus (Salvan et al., 2017).
Reductions in fractional anisotropy have been found in the genu of the corpus callosum in
preterm infants at term-equivalent age (Anjari et al., 2007). Fractional anisotropy reductions
were also identified in the anterior mid-body, posterior mid-body, isthmus, and splenium of the
corpus callosum in preterm infants at term equivalent age (Thompson et al., 2011). These
findings suggest that the posterior end of the corpus callosum, which is one of the first regions of
the corpus callosum to begin microstructural development close to term and the last region to be
formed (Taylor et al., 2011; Thompson et al., 2011) is most vulnerable to insult following
preterm birth. Disruption of the development of the corpus callosum may have implications for
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other structures in the midline, including the fornix, hippocampus, septum pellucidum, and
cingulate cortex (Thompson et al., 2011).
In early childhood, fractional anisotropy reductions have been identified in the superior
fronto-occipital fasciculus and splenium of the corpus callosum in preterm children aged 3 to 36
months (Wang, Fan, Xu, & Wang, 2013). In 16-month-old children with periventricular
leukomalacia born preterm, extensive fractional anisotropy reductions were found, including the
superior longitudinal fasciculus, arcuate fasciculus, and corona radiate (Wang et al., 2013).
There is a paucity of research investigating group differences in white matter microstructure in
early childhood, as the research that is published tends to report on children who underwent
imaging at birth, term equivalent age, or in later childhood or adulthood.
In later childhood, reduced fractional anisotropy was reported in the splenium, genu, and
body of the corpus callosum in 11-year-old preterm children compared to full-term controls
(Andrews et al., 2010). Lower fractional anisotropy values were found in the splenium and genu
of the corpus callosum, fronto-occipital fasciculus, and external capsules in 16-year-old
adolescents born preterm (Mullen et al., 2011). Reductions in fractional anisotropy were
reported in the genu, splenium, and body of the corpus callosum; bilateral superior longitudinal
fasciculi; and left superior corona radiata in 19-year-olds born preterm compared to full-term
controls (Allin et al., 2011). Interestingly, higher fractional anisotropy was found as well, in the
bilateral inferior fronto-occipital fasciculus, bilateral uncinate fasciculi, bilateral superior
longitudinal fasciculi, and bilateral anterior corona radiata (Allin et al., 2011). Identified regions
of increased fractional anisotropy relative to full-term controls might be indicative of
compensatory changes - where plasticity of white matter has allowed function to be generally
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spared, although white matter integrity has been disturbed by early brain insults associated with
preterm birth (Allin et al., 2011).
In early adulthood, earlier gestational age and lower birth weight were found to be
associated with lower fractional anisotropy of the right superior longitudinal fasciculus; whereas
fractional anisotropy of the body and splenium of corpus callosum and bilateral superior
longitudinal fasciculus was positively associated with birth weight, but not gestational age; and
greater fractional anisotropy in the right and left inferior fronto-occipital and uncinate fasciculi
and right and left anterior corona radiata was negatively associated with gestational age (Allin et
al., 2011).
White matter microstructure and language performance. Research in children born
preterm have found alterations in neural connectivity, starting at term equivalent age, that are
associated with later developmental outcomes. At 24 months of age, overall developmental
functioning was associated with fractional anisotropy of the corpus callosum and eye-hand
coordination was associated with bilateral cingulum, bilateral fornix, anterior commissure,
corpus callosum, and right uncinate fasciculus (Counsell et al. 2008). At 22 months of age
higher fractional anisotropy of the bilateral arcuate fasciculi was associated with higher cognitive
and language performance (Salvan et al., 2017). Interestingly, increasing prematurity at birth
was found to impact arcuate fasciculi microstructure but, in the absence of severe neonatal brain
injury, only minimally modulated the identified link with later language performance (Salvan et
al., 2017). Higher mean diffusivity of the left superior temporal gyrus was associated with lower
language performance at 24 months (Aeby et al., 2013).
Researchers have also investigated concurrent neural and language functioning in
children born preterm. Murner-Lavanchy et al. (2014) found the presence of a bilateral fronto-
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temporal language network at 7 years that lateralized by age 11, whereas another study found a
left cerebellar language circuit in young adulthood (Constable et al., 2013). At 12 years of age,
higher performance on language performance, verbal memory, and reading were associated with
higher fractional anisotropy of a bilateral and distributed white matter network in the preterm
group but not the full-term group (Feldman, Lee, Yeatman, & Yeom, 2012). Specifically, verbal
IQ and receptive and expressive language performance were associated with fractional
anisotropy of the bilateral ventral tracts as well as in the dorsal tracts. In another research study,
verbal performance were not found to be associated with any fractional anisotropy tracts at 19
years of age (Allin et al., 2011), which may have been due to differences in age at assessment, as
there is active growth of white matter and increase in fractional anisotropy during adolescence.
The next section will include an overview of gray matter abnormalities in individuals born
preterm and neural correlates of language processing.
Gray matter. These alterations in white matter development are intertwined with
alterations in cortical grey matter, as cortical organization and development of synapses are
facilitated by axons, which provide a connection between deep brain areas and the cortex. A
variety of advanced magnetic resonance imaging techniques have been developed, including
volumetric magnetic resonance imaging, magnetic resonance spectroscopy, and functional
magnetic resonance imaging. The current focus will be on gray matter subcortical volume,
cortical thickness, and cortical surface area.
Research in children born preterm have found reductions in deep gray matter growth,
starting at term equivalent age or earlier. Longitudinal growth of deep gray matter structures has
been found between preterm birth and term-equivalent age, which demonstrate the extensive
maturation of deep gray matter that is initiated during the third trimester (Young et al., 2015). At
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term equivalent age, infants born very preterm had significantly smaller cerebral volumes of
cortical gray matter (Inder et al., 2005) and deep nuclear gray matter (Boardman et al., 2006;
Inder et al., 2005) compared to infants born full-term (Inder et al., 2005). Smaller deep gray
matter volumes were found in the thalamus and individual structures of the basal ganglia, such as
the lentiform nuclei (composed of the pallidum and putamen; Boardman et al., 2006), and the
caudate nucleus (composed of the nucleus accumbens, pallidum, and putamen; Loh et al., 2017).
When preterm infants were grouped by gestational age, the more immature infants exhibited
significant reductions in cortical gray matter (Inder et al., 2005) and deep nuclear gray matter
(Boardman et al., 2006; Inder et al., 2005), which was also found when grouped by birth weight
as well (Boardman et al., 2006). At term-equivalent age, infants born preterm had larger volume
in the posterior horns of the lateral ventricles compared to full-term controls (Boardman et al.,
2006).
There is also paucity of research reporting group differences in gray matter in early
childhood, as the research that is published tends to report on children who underwent imaging at
birth, term equivalent age, or much later in childhood or adulthood. In later childhood, children
age 7 to 11 have demonstrated smaller total cerebral gray matter (Kesler et al., 2004; Reiss et al.,
2004) and total subcortical gray matter (Kesler et al., 2004). Interestingly, larger gray matter
volume has been identified in the frontal, parietal, and temporal lobes of very preterm children
age 8 relative to full-term controls, and, in that particular study, no differences in white matter
volume were found (Kesler et al., 2004).
Overall, the types of structural abnormalities evident in adolescents born preterm are
comparable to those found in infants born very preterm at term equivalent age (Taylor et al.,
2011). Extensive, bilateral reductions in gray matter volume have been found in very preterm
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adolescents age 14 and 15, predominantly in the temporal lobe, including the middle temporal
gyrus, inferior temporal gyrus, lingual gyrus, fusiform gyrus, inferior frontal gyrus, and superior
temporal gyrus, as well as subcortical gray matter, including the thalamus and caudate (Nosarti et
al., 2008). Similarly, adolescents born very preterm had smaller gray matter volumes in the
frontal, parietal, occipital, and temporal cortices as well as the cingulum, insula, and thalamus at
age 15 and 19 (Botellero et al., 2017). At 19 years of age, reductions were found in the
thalamus, right putamen, and left medial frontal and lingual gyri (Nosarti et al., 2009). Larger
gray matter volumes have also been identified in the right cingulate cortex, right middle temporal
gyrus, and left parahippocampal gyrus (Nosarti et al., 2008) as well as the right medial frontal
gyrus, left superior frontal gyrus, left anterior extremity of the hippocampal gyrus (uncus), and
bilaterally in middle temporal cortices (Nosarti et al., 2009). This pattern of smaller and larger
regions may be a result of the compensatory strategies in the context of preterm birth. In
adolescents and adults born preterm, smaller gray matter volumes were found in the caudate
nucleus, posterior superior temporal sulcus, caudal part of the anterior cingulate gyrus, inferior
parietal cortex, superior frontal gyrus, putamen, hippocampus, and insula (Karolis et al., 2017).
Larger gray matter volumes were found in the frontal pole, percalcarine cortex, heschl’s gyrus,
parahippocampal gyrus, caudal part of the middle frontal gyrus, superior temporal gyrus, lingual
gyrus, and supramarginal gyrus (Karolis et al., 2017). Young adults born pretty had significantly
thinner cortex in the left frontal and parietal lobe and bilaterally in the temporal lobes, whereas
they have thicker bilateral medial inferior and anterior parts of the frontal lobes and in the
occipital pole (Bjuland, Lohaugen, Martinussen, & Skranes, 2013). These findings provide
evidence that atypical neural organization persists following early brain insults.
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Gray matter and language performance. Research in children born preterm have found
alterations in gray matter development, starting at term equivalent age, that is associated with
later developmental outcomes. Longitudinal growth of cortical surface area has been found
between preterm birth and term-equivalent age, which was positively associated with cognitive
testing at 2 years and cognitive and executive functioning 6 years of age (Rathbone et al., 2011).
Additional analyses revealed that cortical growth was related to verbal, executive, and hearing
and language performance (Rathbone et al., 2011). Growth of the caudate and putamen between
birth and term equivalent age were associated with full scale intellectual and core language
scores at 4 years of age (Young et al., 2015).
At term equivalent age, reductions in cortical and deep nuclear gray matter volumes were
significantly associated with lower performance at 12 months of age (Inder et al., 2005). Term
equivalent basal ganglia and thalamic volumes were associated with higher IQ and better
academic achievement, but not measures of executive functioning, at 7 years of age (Loh et al.,
2017). Similarly, term equivalent reduction in deep gray matter, specifically the basal ganglia
and thalamus, were the strongest predictors of learning and memory performance at 7 years of
age (Omizzolo et al., 2004).
In childhood, bilateral caudate nuclei volume was significantly correlated with verbal IQ,
performance IQ, and full scale IQ, but not the bilateral hippocampi volume, at 7 years of age
(Abernethy, Cooke, & Foulder-Hughes, 2004). In adolescence, language scores were
significantly associated with the genu of the corpus callosum in adolescents age 14 to 19 (Taylor
et al., 2011). Subcortical gray matter was significantly associated with IQ (lenticular nucleus),
memory (caudate and lenticular nucleus), and executive functioning (caudate, thalamus, and
lenticular nucleus) (Taylor et al., 2011). Cerebellar gray matter was associated with perceptual-
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motor organization and executive functioning (Taylor et al., 2011). In adolescents and adults
born very preterm, full scale IQ was associated with larger lateral parieto-temporal gray matter
volume (posterior bank of superior temporal sulcus, inferior parietal cingulate, middle temporal
gyrus, post central gyrus, precentral gyrus, superior parietal gyrus, superior temporal gyrus,
supramarginal gyrus, and temporal pole) (Karolis et al., 2017). In early adulthood, higher scores
on verbal comprehension was associated with greater thickness of the left pars opercularis, left
bank of the superior temporal sulcus, and right superior parietal lobe (Bjuland et al., 2013). One
factor that may influence gray and white matter underpinnings of language is socioeconomic
status.
SOCIOECONOMIC STATUS IN CHILDREN
Socioeconomic status is a multidimensional construct that includes factors such as an
individual or parent’s educational attainment, occupation, and income. It may also include
factors related to neighborhood socioeconomic status, such as exposure to stress, safety,
community resources, social support, and exposure to toxins (Brito & Noble, 2014; Webb et al.,
2017). In 2016, 40.6 million people in the United States lived below the official poverty line
(United States Census Bureau, 2017) and numerous studies have reported socioeconomic
disparities profoundly affecting physical and mental health as well as cognitive development
(Brito & Noble, 2014; Duncan & Magnuson, 2007; McEwen & Gianaros, 2010; Noble et al.,
2015; Ursache & Noble, 2016). Socioeconomic status accounts for approximately 20% of the
variance in childhood IQ (Gottfried et al., 2003) and, by school age, persisting poverty has been
associated with a 6- to 13- point IQ difference (Brito & Noble, 2014; Duncan & Magnuson,
2007). To date, there is no consensus on the best way to measure socioeconomic status, and
research studies often utilize a variety of factors (Webb et al., 2017). Although many studies
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have reported a high degree of correlation between various factors of socioeconomic status,
different socioeconomic factors reflect different aspects of experience and should therefore not
be used interchangeably (Duncan & Magnuson, 2012).
Socioeconomic status in childhood. For children, their development and later outcomes
are strongly influenced by the socioeconomic conditions in which they are raised. Research has
also used a variety of approaches to conceptualize childhood socioeconomic status, and
sometimes researchers will use both childhood and adult socioeconomic status to look at
outcomes (Luo & Waite, 2005). One interesting research study evaluated the structure and
variable composition of popular socioeconomic status indices (each combined into principle
component analysis) in relation to early childhood development in Canada (Webb et al., 2017).
They found that an index composed of economic (family income, parental education), social
(family stability, demographics), and cultural (language spoken) components was the most
informative, as these different components were found to be associated with different domains of
early childhood development (Webb et al., 2017).
There is also interest in understanding the impact of socioeconomic status on
developmental processes, in particular the impact of economic scarcity. While many research
studies have demonstrated significant correlational relationships between socioeconomic status
and developmental outcomes (Noble et al., 2015), it is important to determine the specific
components that contribute as well as the impact of timing, as there is research that may suggest
that lower socioeconomic status early in a child’s development may be particularly harmful
(Duncan, Magnuson, & Votruba-Drzal, 2017). Further complicating attempts to interpret
socioeconomic status effects and distinguish its “active, causal” components is the observation
that conventional measures of socioeconomic status show some heritability, which differs by age
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(.19 at age 2, .20 at age 7; Trzaskowski et al., 2014). In addition, research on effects of
socioeconomic status on cognition and neural development have found a stronger effect of
socioeconomic status, in particular parental education and income, at lower levels of cognitive
functioning (Noble et al., 2015).
Socioeconomic status and preterm birth. Preterm birth is not equally distributed
throughout the population. As mentioned earlier, there are significant disparities based on
racial/ethnic group membership and spontaneous preterm birth in the United States (Ferré et al.,
2016; Goldenberg et al., 2008). Despite improvements in medical care of children born very
preterm, the socioeconomic and racial/ethnic disparities in preterm birth have remained relatively
intractable (Blumenshine et al., 2010). However, it has been hypothesized that it is not group
membership itself, but the experience of stress, poverty, lower educational attainment,
inadequate access to prenatal care, and other factors that contributes to the higher rate of preterm
birth in these groups (Muglia & Katz, 2010). Disentangling this relationship has been difficult to
do, as public health statistics in the United States tend to report on only race/ethnicity and
maternal education, which limits a nuanced deconstruction of all of the possible risk factors
(Blumenshine et al., 2010). For example, the quality and ease of access to education may vary
across populations. Some research studies in children born preterm attempt to adjust for the
impact of socioeconomic status, although there is striking heterogeneity in how socioeconomic
status is measured. A recent meta-analysis investigating socioeconomic status and cognitive
outcomes in children born preterm divided these socioeconomic indicators into “individuallevel”, “family-structure”, “contextual”, and “composite”, although the most commonly utilized
measure was maternal education (Wong & Edwards, 2013).
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Children born very preterm from lower socioeconomic status are more likely to
experience developmental difficulties. Maternal educational attainment of less than high school
has been associated with the poorest cognitive outcomes (Wong & Edwards, 2013). In addition,
very preterm children from low socioeconomic status are less likely to receive early intervention
services than very preterm children from higher socioeconomic status, which has downstream
implications for their overall functioning (Roberts et al., 2008). This biological and
socioeconomic risk has been described as a “double jeopardy” for poorer cognitive outcomes. In
their meta-analysis, Wong and Edwards (2013) concluded that socioeconomic status appeared to
confound the relationship between preterm birth and cognitive outcomes and “should be adjusted
for in studies reporting cognitive outcome” (p. 1689). This statement is surprising, as this
adjustment may be problematic if socioeconomic status interacts with prematurity.
Research studies have investigated the possibility of an interaction between
socioeconomic status and preterm birth on cognitive outcomes. One research study did not find
the presence of an interaction between maternal education and preterm birth on cognitive
outcomes in 4-year-old children (Dall’Oglio et al., 2010). In another research study, the mean
IQ score of 5-year-old children born preterm was stratified by parental education level (Potharst
et al., 2011). They found that the difference in IQ scores between those in a higher parental
educational and lower parental education levels was larger in the preterm (17 IQ points) than
full-term (8 IQ points) group, which appears to be a striking difference (although the p value for
this interaction neared but did not reach significant at 0.08). This may have been driven by the
sample characteristics, as the preterm group had significantly lower parental educational
attainment than the full-term group, as well as limited power.
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Socioeconomic status and language performance. Research has consistently
established a relationship between socioeconomic status and cognitive functioning in full-term
healthy children. Specifically, lower socioeconomic status is associated with greater incidence
of delays in early development (Feinstein, 2003) and lower cognitive performance, including
language, such as vocabulary and oral reading, as well as executive functioning, such as
inhibitory control and working memory (Brito & Noble, 2014; Noble et al., 2015).
Socioeconomic status was found to account for 32% of the variance in language performance in
a diverse sample of first graders, which was composed of receptive language and phonological
processing (Noble, McCandliss, & Farah, 2007). Language performance have been found to
mediate the association between socioeconomic status and executive functioning (Noble,
Norman, & Farah, 2005). Language has also been found to account for over 10% of the variance
on tasks of cognitive control, and reduced the association between socioeconomic status and
visuospatial skills, memory, and working memory (Noble et al., 2007). However, it is important
to note that socioeconomic status may be confounded with important linguistic factors, such as
first language, cultural language use, and bilingualism, which complicates interpretability of
group differences (Ellwood-Lowe, Sacchet, & Gotlib, 2016). These findings highlight the
significant impact that socioeconomic status has on language performance and overall cognitive
functioning.
In the preterm literature, research has found a consistent relationship between
socioeconomic status and language performance as well, which has been identified at 22 months
of age (Salvan et al., 2017), 4 years of age, (Young et al., 2015) and 7 to 11 years of age (Kesler
et al., 2004). In addition, maternal education accounted for up 22% of the variance in cognitive
functioning (Kesler et al., 2004). In a meta-analysis, the effect size of socioeconomic status and

26

major disabilities on language performance in children born preterm was found to be -0.62
(Noort-van der Spek, Franken, & Weisglas-Kuperus, 2012). Follow up analyses found that, in
preterm children without major disabilities, the effect size on language performance was -0.54.
Of note, only studies with no significant differences in socioeconomic status between preterm
and control groups were included (Noort-van der Spek et al., 2012).
Socioeconomic status and structural anatomy. Early experiences in childhood shape
neural development, which drives cognitive development. As brain maturation continues
throughout childhood, in particular those regions that underlie higher cognitive functioning, the
influence of the environment continues throughout childhood and adolescence (Noble et al.,
2015). Disparities in the quality and quantity of exposure to linguistic stimulation in the
childhood home were found to be associated with developmental differences in left hemisphere
language-supporting cortical regions (Brito & Noble, 2014).
To date, research has investigated the relationship between various aspects of
socioeconomic status and neural development. Stress experienced in childhood has been found
to have negative effects on regions of the brain including the hippocampus, amygdala, and areas
of the prefrontal cortex (McEwen & Gianros, 2010). Family income has also associated with the
hippocampus (Hanson et al., 2011) as well as total gray matter volume, frontal lobe volume, and
parietal lobe volume as well as reduced gray matter growth trajectory (Hanson et al., 2013). The
family income-to-needs ratio positively correlated with total white and gray matter volumes as
well as volumes of the amygdala (Luby et al., 2013) and hippocampus (Luby et al., 2013; Noble,
Houston, Kan, & Sowell, 2012). Similarly, parental education is positively associated with the
hippocampus (Hanson et al., 2011) and predicts larger cortical thickness in the left superior
frontal gyrus and right anterior cingulate gyrus (Lawson et al., 2013). Composite measures of
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SES were significantly associated with volumes of the hippocampus, parahippocampal gyrus,
middle temporal gyrus, insula, left fusiform gyrus, right inferior occipito-temporal region, and
left superior/middle frontal gyrus (Jednorog et al., 2012). Interestingly, the effects of poverty on
hippocampal volume were found to be mediated by caregiving and stressful life events, but not
parental education (Luby et al., 2013). This finding is important, as aspects of socioeconomic
status, such as parental education, may serve as a proxy for variables that are more difficult to
quantify, such as stressful life events. Ellwood-Lowe et al. (2016) states that, in the nascent field
of the cognitive neuroscience of socioeconomic status, there is a tendency to rely on reverse
inference. That is, researchers identify neuroanatomical or functional differences between
groups and extrapolate about cognitive abilities as well as early childhood environments.
Ellwood-Lowe et al. (2016) emphasized the importance of including measures of cognitive
performance such as language in neuroimaging studies in childhood.
To date, the cumulative literature on the effects of socioeconomic status in childhood,
preterm birth, language performance, and neuroanatomy suggest that the effects of poverty on
cognitive outcomes may be more apparent in children born very preterm than in any other
context. The brain regions involved in language processing undergo a slower course of
maturation than any neural system (Sowell et al., 2003), which may make them more susceptible
to the impact of environmental influences associated with socioeconomic status.
BACKGROUND SUMMARY
Thus, children born preterm are at increased risk for developmental delays (Chan, Leong,
Malouf, & Quigley, 2016) and performance discrepancies may increase with age (Noort-van der
Spek et al., 2012). Although general intellectual functioning is the most commonly investigated
cognitive outcome in the literature, it is important to have a broader and more comprehensive
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understanding of outcomes (Aylward, 2002). Language performance, such as vocabulary,
language comprehension, expressive language, and naming, are critical to development and have
profound implications for day-to-day functioning and educational outcomes. Impairments in
language performance have been documented in children born preterm, and these may persist
over time (Luu, Vohr, Allan, Schneider, & Ment, 2011; Magill-Evans et al., 2002; MurnerLavanchy et al., 2014; Noort-van der Spek et al., 2012).
Exploring the relationship between language and structural brain anatomy can help us to
better understand the mechanisms underlying language deficits in children born preterm, as it can
place the development of language performance in the context of specific neurodevelopmental
processes. To date, there is a paucity of research investigating language and structural
neuroanatomy in the preschool and early school age years. These previous studies did not
include a control group when looking at white matter (Aeby et al., 2013; Anjari et al., 2007;
Counsell et al., 2008; Liu et al., 2008; Salvan et al., 2017; Young et al., 2017) or gray matter
(Abernethy et al., 2004; Rathbone et al., 2011; Young et al., 2015) and explored a limited range
of developmental outcomes (Abernethy et al., 2004; Aeby et al., 2013; Counsell et al., 2008;
Eikenes et al., 2011; Inder et al., 2005; Kappellou et al., 2006; Karolis et al., 2017; Salvan et al;
2017; Solsnes et al., 2016; Wang et al., 2013), especially at preschool and school age.
Increasing our current understanding of the relationship between preschool and schoolage language performance and brain development may help to clarify the trajectories of brain
specialization and language development. In turn, this may facilitate a better understanding of
how to develop and when to implement interventions to benefit these children at this critical age,
when children may start to receive school-based interventions. In addition, a nuanced
investigation of the impact of socioeconomic status on the neural substrates on language is

29

critically important, as preterm birth occurs disproportionately in families from a lower
socioeconomic status (Ferré et al., 2016; Muglia & Katz, 2010), and it may also have a
disproportionate effect on cognition. Importantly, we can also determine if the neural
mechanisms underlying socioeconomic status effects on language are the same in preterm and
full-term children.
STUDY OVERVIEW: AIMS
In order to further our understanding of language performance in children born very
preterm, and to build on existing research that has been reviewed in the previous section, the
present study examined language performance in preschool and school-age children born very
preterm and full-term, and some of the neuroanatomical substrates at preschool age that may
relate to language performance at both preschool and school-age. More specifically, the current
study sought to identify structural brain variations related to language performance in
preschoolers and school-age children and determine the relationship of socioeconomic status
with these neural features. The current statistical approach is similar to model building. Initial
analyses are intended to be simple and subsequent analyses increase in complexity. This
approach will allow for a more nuanced understanding of the impact of pertinent independent
variables and covariates, as comparisons between similar analyses can be made.
Aim one. Determine whether there are differences in language performance between very
preterm and full-term children at preschool and school age. We hypothesize that the very
preterm group will perform lower on all measures of language (Receptive Vocabulary, Picture
Naming, Comprehension of Instructions, Word Generation, and Memory for Words) than the
full-term group at both preschool and school age.
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Aim two. Reduce five language variables (Receptive Vocabulary, Picture Naming,
Comprehension of Instructions, Word Generation, and Memory for Words) into a single
principle component at both preschool and school age to be used in subsequent analyses. This
will reduce the need for Bonferroni corrections and enhance statistical power.
Aim three. Examine the contributions of socioeconomic status to language performance
at preschool and school age. We hypothesize that socioeconomic status will significantly
account for variance on language performance in both very preterm and full-term children at
preschool and school age.
Aim four. Investigate the contributions of specific neuroanatomical structures (cortical
gray matter thickness and surface area, subcortical gray matter volumes, fractional anisotropy of
white matter microstructure) to language performance and determine whether the identified brain
regions are related to language performance similarly across very preterm and full-term children
at preschool and school age. Specifically, we hypothesize that these structural variations in these
brain regions will be associated with language performance, and that these associations will be
different across the very preterm and full-term groups.
Aim five. Examine the contributions of specific neuroanatomical structures (cortical gray
matter thickness and surface area, subcortical gray matter volumes, fractional anisotropy of white
matter microstructure) to language performance when socioeconomic status is included in the
analyses and determine whether the identified brain regions are related to language performance
similarly across very preterm and full-term children at preschool and school age. We
hypothesize that children born very preterm will have lower socioeconomic status than children
born full-term. We hypothesize that the relationship between socioeconomic status, family
stress, and language performance will be different between very preterm and full-term children at
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preschool and school age, with children born preterm experiencing a greater adverse impact of
lower socioeconomic status than children born full-term.
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METHODS
PARTICIPANTS
The current study is part of a larger study of a developmental follow-up after preterm
birth conducted at the University of New Mexico. The initial clinical trial enrolled infants born
very preterm in the Neonatal Intensive Care Unit immediately following birth, with gestational
age fewer than 32 weeks or had a birthweight of less than 1,500 grams. Children were not
eligible to participate if they had no known significant congenital anomalies, genetic disorders,
seizures, hypertension, thrombosis, or hemolytic disease identified at birth. Infants were
randomized to one of three groups and were administered erythropoiesis-stimulating agents
(erythropoietin or darbepoetin) or sham until 35 completed weeks of gestation. Children
enrolled in this initial study were eligible for the BRITE (Brain Imaging and Developmental
Follow-up of Infants Treated with Erythropoietin) follow-up study, which was at the University
of New Mexico and University of Utah. Additional children were recruited at the University of
New Mexico site, including children born very preterm and healthy full-term controls. Children
were evaluated at 3.5-4 years of age and 5.5-6 years of age. Institutional Review Boards
approved the study at both sites.
MRI DATA ACQUISITION
The scanning was performed at night during natural sleep or with light chloral hydrate
sedation for those children who did not fall asleep naturally. At both sites structural T1 images
were obtained from Magnetization-Prepared Rapid Gradient Echo sequences using a 3T MRI
scanner, which was analyzed using the FreeSurfer data-processing program. FreeSurfer provides
separate measures of volume, surface area, and cortical thickness for each anatomical region.
Diffusion tensor images were acquired at the University of New Mexico using a 30-gradient
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direction coil and 2 mm slice thickness and at the University of Utah using a 24-gradient
direction coil with 3.4 mm slice thickness. The FSL software package (www.fmrib.ox/ac/uk/fsl)
were used for data processing. Fractional anisotropy (FA) images were calculated and
normalized to a template using a nonlinear regression algorithm (fnirt/FSL). The Johns Hopkins
atlas was used to calculate mean FA values (Mori et al., 2008).
DEMOGRAPHICS
Family demographic measures were collected from the parents, including child age, child
sex, maternal age, family income, number of family moves, number of children in the household
under 6 years of age, ethnicity, race, and primary language spoken in the home.
NEUROPSYCHOLOGICAL MEASURES
Wechsler Preschool and Primary Scale of Intelligence – Third Edition (WPPSI-III;
Wechsler, 2002). The WPPSI-III is a standardized cognitive assessment administered by a
trained examiner, for use with children aged 2:6 (2 years, 6 months) to 7:3. The battery is
divided into two age bands, 2:6 to 3:11 and 4:00 to 7:3, and both batteries were used in the
current study. The subtests involve naming pictures, pointing at pictures, answering questions
about day-to-day information, building with blocks, and assembling puzzles. The subtests used
for the current study include Receptive Vocabulary and Picture Naming. The WPPSI-III
generates composite scores Verbal IQ, Performance IQ, and Full Scale IQ. Alpha coefficients of
subtests of the WPPSI-III range from .84 to .96 and composite scores range from .89 to .96. The
test-retest reliability of subtests range from .74 to .90. Performance on the WPPSI-III correlates
highly with other tests of intelligence (including the WISC-III, Bayley, DAS, CMS, and WIATII), which supports validity.
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Comprehension of Instructions (NEPSY – Second Edition; Korkman, Kirk, & &
Kemp, 2007). Comprehension of Instructions is a subtest of the Language domain. The subtest
requires the child to receive, process, and execute oral instructions of increasing syntactic
complexity. For each item, the child points to appropriate stimuli in response to oral
instructions. Performance on the NEPSY-II correlates highly with other tests of intelligence
Word Generation (NEPSY – Second Edition; Korkman, Kirk, & Kemp, 2007).
Word Generation is a subtest of the Language domain designed to assess verbal fluency. The
subtest requires the child to produce words as quickly as possible based on a rule provided by the
examiner (semantic, phonemic) within 60 seconds. Performance on the NEPSY-II correlates
highly with other tests of intelligence.
Memory for Words (Woodcock-Johnson – Third Edition Tests of Cognitive
Abilities; Schrank, 2010). Memory for Words is a subtest of Short-Term Memory that
measures verbal working memory. The subtest requires the child to remember and repeat a
series of unrelated words increasing in length. The test-retest reliability of this subtest is .78.
ANALYSES FOR EACH SPECIFIC HYPOTHESIS
Hypothesis one: Determine whether there are differences in language performance
between very preterm and full-term children at preschool and school age. Based on our previous
review of the literature, children born preterm consistently underperform on measures of
language performance. Therefore, we hypothesize that the very preterm group will perform
lower on all measures of language than the full-term group at preschool and school age. We
investigated group differences by conducting repeated measures general linear models for each
language task. A series of repeated measures general linear models, with group as a betweensubject factor, were performed for language performance measures on individual language tests

35

(Receptive Vocabulary, Picture Naming, Comprehension of Instructions, Word Generation, and
Memory for Words). Next, we investigated group differences, taking into account child sex.
Therefore, the series of repeated measures general linear models was repeated, with group and
sex as between-subject factors and an interaction between group and sex, were performed for
language performance measures on individual language tests (Receptive Vocabulary, Picture
Naming, Comprehension of Instructions, Word Generation, and Memory for Words).
Hypothesis two: Reduce five language variables (Receptive Vocabulary, Picture
Naming, Comprehension of Instructions, Word Generation, and Memory for Words). Rather
than including each of the five specific language performance measures of interest (Receptive
Vocabulary, Picture Naming, Comprehension of Instructions, Word Generation, and Memory for
Words) in the subsequent analyses, which would reduce statistical power, these variables were
reduced using principle components analysis and created one principle component at preschool
age and one principle component at school age. Pearson’s correlations were run to evaluate the
strength of the relationship between individual language performance measures as well as
language principle components, separated by age and group. Then we investigated group
differences by conducting repeated measures general linear models for the language principle
components. Repeated measures general linear models, with group as a between-subject factor,
were performed for language principle components. Next, we investigated group differences,
taking into account child sex. Repeated measures general linear models were repeated, with
group and sex as between-subject factors and an interaction between group and sex, were
performed for language principle components.
Hypothesis three: Examine the relationship between language performance and
socioeconomic status in very preterm and full-term children at preschool and school age. Factors
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related to lower socioeconomic status, such as lower parental educational attainment and lower
family income, have been found to negatively impact child development in healthy children.
Children born very preterm are more sensitive to these environmental factors and subsequently
may be more negatively impacted. To investigate this hypothesis, repeated measures general
linear model were utilized with group as a between-subject factor and socioeconomic status as a
covariate and an interaction was included between group and socioeconomic status. Pearson’s
correlations were run between language principle component and socioeconomic status by group.
To investigate if socioeconomic status may have a differential impact on language performance
based on child sex, additional analyses were run. Repeated measure general linear model were
run with both group and sex included as between-subject factors, socioeconomic status included
as a covariate, and interactions were included between both group and socioeconomic status and
group and sex.
Hypothesis four: Examine the relationship between neuroanatomical structures and
language performance and determine whether this relationship is similar across very preterm and
full-term children at preschool and school age. Neural substrates of language have been research
in healthy, full-term children as well as clinical populations, such as children born very preterm.
The neuroanatomical substrates of language may differ for children born very preterm, as
prenatal neural development is disrupted by early birth, which may have downstream
consequences for neural organization.
Cortical thickness. A repeated general linear model were performed to understand the
relationship between language performance and cortical thickness at preschool and school age.
For this analysis, the language principle components were the dependent variables, group was a
fixed factor, and total intracranial volume and left hemisphere cortical thickness (pars
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opercularis, pars triangularis, pars orbitalis, superior temporal gyrus, middle temporal, fusiform
gyrus, supramarginal gyrus) were included as covariates. To investigate the impact of sex, the
analysis were run again. The language principle components was the dependent variables, group
and sex as fixed factors, and total intracranial volume and left hemisphere cortical thickness
(pars opercularis, pars triangularis, pars orbitalis, superior temporal gyrus, middle temporal,
fusiform gyrus, supramarginal gyrus) were included as covariates. To show the relationship
between these variables, partial correlations were run among language principle components and
left hemisphere cortical thickness (pars opercularis, pars triangularis, pars orbitalis, superior
temporal gyrus, middle temporal, fusiform gyrus, supramarginal gyrus), controlling for total
intracranial volume and separated by group.
Cortical surface area. A repeated general linear model was performed to understand the
relationship between language performance and cortical surface area at preschool and school
age. For this analysis, the language principle components was the dependent variables, group
was a fixed factor, and total intracranial volume and left hemisphere cortical surface area (pars
opercularis, pars triangularis, pars orbitalis, superior temporal gyrus, middle temporal gyrus,
fusiform gyrus, supramarginal gyrus) were included as covariates. To investigate the impact of
sex, the analysis was run again. The language principle components was the dependent
variables, group and sex as fixed factors, and total intracranial volume and left hemisphere
cortical surface area (pars opercularis, pars triangularis, pars orbitalis, superior temporal gyrus,
middle temporal gyrus, fusiform gyrus, supramarginal gyrus) were included as covariates. To
show the relationship between these variables, partial correlations were run among language
principle components and left hemisphere cortical thickness (pars opercularis, pars triangularis,
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pars orbitalis, superior temporal gyrus, middle temporal gyrus, fusiform gyrus, supramarginal
gyrus), controlling for total intracranial volume and separated by group.
Subcortical volumes. A repeated general linear model was performed to understand the
relationship between language performance and subcortical volumes at preschool and school age.
For this analysis, the language principle components was the dependent variables, group was a
fixed factor, and total intracranial volume and bilateral subcortical volumes (putamen, pallidum,
thalamus, hippocampus, and caudate) were included as covariates. To investigate the impact of
sex, the analysis was run again. The language principle components were the dependent
variables, group and sex as fixed factors, and total intracranial volume and bilateral subcortical
volumes (pars opercularis, pars triangularis, pars orbitalis, superior temporal gyrus, middle
temporal gyrus, fusiform gyrus, supramarginal gyrus) were included as covariates. To show the
relationship between these variables, partial correlations were run among language principle
components and bilateral subcortical volumes (putamen, pallidum, thalamus, hippocampus, and
caudate), controlling for total intracranial volume and separated by group.
White matter microstructure. A repeated general linear model was performed to
understand the relationship between language performance and fractional anisotropy of white
matter microstructure at preschool and school age. For this analysis, the language principle
components were the dependent variables, group was a fixed factor, and total intracranial volume
and left hemisphere fractional anisotropy of white matter tracts (superior longitudinal fasciculus,
uncinate fasciculus, external capsule, and inferior longitudinal fasciculus) were included as
covariates. To investigate the impact of sex, the analysis was run again. The language principle
components were the dependent variables, group and sex as fixed factors, and total intracranial
volume and left hemisphere fractional anisotropy of white matter tracts (superior longitudinal
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fasciculus, uncinate fasciculus, external capsule, and inferior longitudinal fasciculus) were
included as covariates. To show the relationship between these variables, partial correlations
were run among language principle components and left hemisphere fractional anisotropy of
white matter tracts (superior longitudinal fasciculus, uncinate fasciculus, external capsule, and
inferior longitudinal fasciculus), controlling for total intracranial volume and separated by group.
Hypothesis five: Investigate if socioeconomic status changes the relationship between
language performance and neuroanatomical structures across very preterm and full-term children
at preschool and school age. Lower socioeconomic has been found to detrimentally impact
neural development and language development. Given that children born very preterm may be
more sensitive to the environment, it is important to investigate this complex relationship among
socioeconomic status, neural development, and language development.
Cortical thickness. A repeated general linear model was performed to investigate if
socioeconomic status changes the relationship between language performance and cortical
thickness at preschool and school age. For this analysis, the language principle components were
the dependent variables, group was a fixed factor, and total intracranial volume and left
hemisphere cortical thickness (pars opercularis, pars triangularis, pars orbitalis, superior
temporal gyrus, middle temporal gyrus, fusiform gyrus, supramarginal gyrus) and socioeconomic
status were included as covariates and an interaction was included between group and
socioeconomic status. To investigate the impact of sex, the analysis was run again. The language
principle components was the dependent variables, group was the fixed factor, and total
intracranial volume and left hemisphere cortical thickness (pars opercularis, pars triangularis,
pars orbitalis, superior temporal gyrus, middle temporal gyrus, fusiform gyrus, supramarginal
gyrus) and socioeconomic status were included as covariates and an interaction was included
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between sex and socioeconomic status. Partial correlations were performed among
socioeconomic status and left hemisphere cortical thickness (pars opercularis, pars triangularis,
pars orbitalis, superior temporal gyrus, middle temporal gyrus, fusiform gyrus, supramarginal
gyrus), controlling for total intracranial volume and separated by group.
Cortical surface area. A repeated general linear model was performed to investigate if
socioeconomic status changes the relationship between language performance and cortical
thickness at preschool and school age. For this analysis, the language principle components were
the dependent variables, group was a fixed factor, and total intracranial volume and left
hemisphere cortical surface area (pars opercularis, pars triangularis, pars orbitalis, superior
temporal gyrus, middle temporal gyrus, fusiform gyrus, supramarginal gyrus) and socioeconomic
status were included as covariates and an interaction was included between group and
socioeconomic status. To investigate the impact of sex, the analysis was run again. The language
principle components were the dependent variables, group was the fixed factor, and total
intracranial volume and left hemisphere cortical surface area (pars opercularis, pars triangularis,
pars orbitalis, superior temporal gyrus, middle temporal gyrus, fusiform gyrus, supramarginal
gyrus) and socioeconomic status were included as covariates and an interaction was included
between sex and socioeconomic status. Partial correlations were performed among
socioeconomic status and left hemisphere cortical surface area (pars opercularis, pars
triangularis, pars orbitalis, superior temporal gyrus, middle temporal gyrus, fusiform gyrus,
supramarginal gyrus), controlling for total intracranial volume and separated by group.
Subcortical volume. A repeated general linear model was performed to investigate if
socioeconomic status changes the relationship between language performance and subcortical
volumes at preschool and school age. For this analysis, the language principle components were
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the dependent variables, group was a fixed factor, and total intracranial volume and bilateral
subcortical volumes (putamen, pallidum, thalamus, hippocampus, and caudate) and
socioeconomic status were included as covariates and an interaction was included between group
and socioeconomic status. To investigate the impact of sex, the analysis was run again. The
language principle components were the dependent variables, group was the fixed factor, and
total intracranial volume and bilateral subcortical volumes (putamen, pallidum, thalamus,
hippocampus, and caudate) and socioeconomic status were included as covariates and an
interaction was included between sex and socioeconomic status. Partial correlations were
performed among socioeconomic status and bilateral subcortical volumes (putamen, pallidum,
thalamus, hippocampus, and caudate), controlling for total intracranial volume and separated by
group.
White matter microstructure. A repeated general linear model was performed to
investigate if socioeconomic status changes the relationship between language performance and
fractional anisotropy of white matter microstructure at preschool and school age. For this
analysis, the language principle components were the dependent variables, group was a fixed
factor, and total intracranial volume and left hemisphere fractional anisotropy of white matter
tracts (superior longitudinal fasciculus, uncinate fasciculus, external capsule, and inferior
longitudinal fasciculus) and socioeconomic status were included as covariates and an interaction
was included between group and socioeconomic status. To investigate the impact of sex, the
analysis was run again. The language principle components were the dependent variables, group
was the fixed factor, and total intracranial volume and left hemisphere fractional anisotropy of
white matter tracts (superior longitudinal fasciculus, uncinate fasciculus, external capsule, and
inferior longitudinal fasciculus) and socioeconomic status were included as covariates and an
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interaction was included between sex and socioeconomic status. Partial correlations were
performed among socioeconomic status and left hemisphere white matter tracts (superior
longitudinal fasciculus, uncinate fasciculus, external capsule, and inferior longitudinal
fasciculus), controlling for total intracranial volume and separated by group.
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RESULTS
DEMOGRAPHICS
Eighty-seven children, 64 children born very preterm and 23 children born full-term,
were evaluated at preschool and school age with language performance measures at both time
points. Fifty-seven children born very preterm and 21 children born very full-term at preschool
age had neuroimaging available. Overall, 51 children born very preterm and 20 children born
full-term had complete language performance measures and neuroimaging data at both time
points. In terms of ethnicity, 38% of the preterm sample identified as Hispanic and 58% of the
full-term sample identified as Hispanic. In terms of test age, at preschool age, the average test
age was 47.55 months for children born very preterm and 45.04 months for children born fullterm, and at school age, the average test age was 73.97 months for children born very preterm
and 73.38 months for children born full-term. Full demographics for the sample are presented
with group differences, which were investigated using independent sample t-tests and chi square
(Table 1). Means and standard deviations of language performance measures are presented for
preterm and full-term children at preschool and school age (Table 2 and 3) and for males and
females at preschool and school age (Table 4 and 5). Cohen’s d was calculated and reported as
well (Tables 2-5), which ranged from small effect size (d = 0.18) to large effect size (d = 1.08),
although the majority fell within the medium effect size range. Means and standard deviations of
neuroimaging variables are presented for preterm and full-term children at preschool age (Table
6). All measures were inspected for outliers and distribution normality with SPSS Explore.
Results of this data screening did not indicate extreme outliers and distributions were overall
normal and had non-significant skewness and kurtosis.
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GROUP DIFFERENCES IN LANGUAGE PERFORMANCE
Children born very preterm have been found to perform more poorly on language tasks
when compared to children born full-term. To investigate group differences, a series of analyses
were performed with additional variables added to create a more nuanced understanding of the
factors that may be driving these group differences. Initially, group differences on individual
language performance measures were investigated but in subsequent analyses the outcome
variable was a language principle component at preschool and school age. A series of repeated
measures general linear models, with group as a between-subject factor, were performed for
language performance measures on individual language tests (Receptive Vocabulary, Picture
Naming, Comprehension of Instructions, Word Generation, and Memory for Words). Repeated
measure general linear model analysis revealed a within-subject effect of an interaction between
Word Generation and group [F(1, 80) = 5.882; p = 0.02, h2 = 0.07], as children born very
preterm scored significantly lower on this task at school age, but not at preschool age. Analysis
neared significance for Picture Naming and group over time [F(1, 80) = 3.85; p = 0.05, h2 =
0.05], as those children born very preterm scored lower on this task at preschool age, but
performed more similar to children born full-term at school age. Analyses for between-subject
effects determined that the preterm group had significantly lower scores on Receptive Language
[F(1, 80) = 5.00; p = 0.03, h2 = 0.06], Word Generation [F(1, 80) = 4.41; p = 0.04, h2 = 0.05],
and Memory for Words [F(1, 80) = 17.04; p < 0.01, h2 = 0.18] compared to the full-term group
at preschool and school age. Performance neared significance on Picture Naming [F(1, 80) =
3.07; p = 0.08]. Performance did not reach significance on Comprehension of Instructions [F(1,
81) = 2.65; p = 0.11].
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To investigate if this relationship differed by sex, repeated measures general linear
models were preformed again, this time sex was included as a between-subject factor and an
interaction was included between group and sex, as males born very preterm typically have a
lower performance than girls born very preterm. Analyses revealed a within-subject effect for
Word Generation for group [F(1, 78) = 6.09; p = 0.02, h2 = 0.07], as children born very preterm
scored significantly lower on this task at school age, but not at preschool age. Analysis neared
significance for Picture Naming and group [F(1, 78) = 3.72; p = 0.06], as children born very
preterm performance was lower on this task at preschool age, but to a lesser extent than at school
age. Analyses for between-subject effects determined that there was a main effect of sex for
Picture Naming [F(1, 78) = 4.141; p < 0.05, h2 = 0.05] and Comprehension of Instructions [F(1,
78) = 4.62; p = 0.04, h2 = 0.06], with males scoring significantly lower on these tasks than
females at both preschool and school age. No significant main effect was found on tasks of
Receptive Vocabulary [F(1, 78) = 1.16; p = 0.28], Word Generation [F(1, 78) = 1.81; p = 0.18],
or Memory for Words [F(1, 78) = 0.58; p = 0.45]. These analyses also determined that there was
a main effect of group for Receptive Vocabulary [F(1, 78) = 4.43; p = 0.04, h2 = 0.04] and
Memory for Words [F(1, 78) = 16.40; p < 0.01, h2 = 0.17], with very preterm children scoring
significantly lower on these tasks compared to full-term children at both preschool and school
age. A main effect of group neared significance for Comprehension of Instructions [F(1, 78) =
3.64; p = 0.06] and Word Generation [F(1, 78) = 3.75; p = 0.06]. No significant main effect of
group was found for Picture Naming [F(1, 78) = 2.39; p = 0.13]. No significant interactions
were found between language performance and sex for Receptive Vocabulary [F(1, 80) = 1.59; p
= 0.21], Picture Naming [F(1, 78) = 0.03; p = 0.87], Comprehension of Instructions [F(1, 78) =
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0.01; p = 0.95], Comprehension of Instructions [F(1, 78) = 0.02; p = 0.90], or Memory for Words
[F(1, 78) = 1.45; p = 0.23].
Overall, children born very preterm scored significantly lower compared to children born
full-term on tests of Receptive Language and Memory for Words at both preschool and school
age. Children born very preterm scored significantly lower on a test of Word Generation at
school age, but not at preschool age. When sex was included in the analyses, males scored
significantly lower than females on Picture Naming and Comprehension of Instructions at both
preschool and school age. No interactions between group and sex reached significance.
REDUCE LANGUAGE PERFORMANCE MEASURES
Rather than including each of the five specific language performance measures of interest
(Receptive Vocabulary, Picture Naming, Comprehension of Instructions, Word Generation, and
Memory for Words) in the subsequent analyses, which would reduce statistical power, these
variables were reduced using principle components analysis with direct oblimin rotation. One
factor emerged at both preschool and school age with eigenvalues capturing 66.3% and 63.2% of
the variance, respectively. Factor loadings for these factors are presented (Table 7). These
principle components are significantly positively associated (r = 0.99, p < 0.01). Pearson’s
correlations among language performance measures with language principle components are
presented at preschool (Table 8) and school (Table 9) age.
Repeated measures general linear model was performed to identify group differences on
language principle components over time. Within-subject effects determined that language
principle components were significantly different over time, as the overall group mean is
significantly higher at school age than at preschool age [F(1, 85) = 15.01; p < 0.01, h2 = 0.15].
Between-subject effects determined that the preterm group had significantly lower scores on the
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language principle components [F(1, 85) = 5.01; p = 0.03, h2 = 0.06] when compared to children
born full-term. To investigate if this relationship differed by sex, repeated measures general
linear model was preformed again, with both group and sex were included as between-subject
factors and an interaction between group and sex was included. A main effect of group was
found [F(1, 83) = 4.18; p = 0.04, h2 = 0.05] and a main effect of sex [F(1, 83) = 3.15; p = 0.08]
neared significance. There was no interaction between group and sex [F(1, 83) = 0.21; p =
0.65]. These principle components were included as the major outcome variables in subsequent
analyses. Frequency distributions for the language principle components are presented by group
and age (Figures 1-4).
Language performance measures are highly correlated at both preschool and school age
and can be reduced to one robust factor at both preschool and school age. All children scored
significantly higher at school age than at preschool age on the language principle components.
Children born very preterm scored significantly lower than children born full-term on the
language principle component at both preschool and school age. No significant sex differences
were found or significant interactions between sex and group.
SOCIOECONOMIC STATUS AND LANGUAGE PERFORMANCE
Lower socioeconomic status has often been found to have a very significant and
relationship with language development in healthy, full-term children. As children born very
preterm may be more sensitive to the impact of the environment due to their premature birth, it is
hypothesized that they will more detrimentally impacted by lower socioeconomic status. Given
the importance of sociocultural factors on language performance, seven demographic variables
collected at preschool age were reduced to two composites using principle components analysis
with direct oblimin rotation. The two factors that emerged captured 37% and 23% of the shared
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variance, respectively (Table 10). The first factor was referred to as socioeconomic status and
the second factor was referred to as familial composition. Results from this principle
components analysis have been included in prior published work (Lowe et al., 2017).
To investigate this hypothesis about socioeconomic status, repeated measures general
linear model was utilized with group as a between-subject factor and socioeconomic status as a
covariate and an interaction was included between group and socioeconomic status. Withinsubject effects found that language principle components were significantly different over time
[F(1, 82) = 14.67; p < 0.01, h2 = 0.15], as the overall group mean is significantly higher at school
age than at preschool age. Between-subjects effects determined that there was a main effect of
group [F(1, 82) = 4.61, p = 0.04, h2 = 0.05] and socioeconomic status [F(1, 82) = 37.44; p <
0.01, h2 = 0.31] on language principle components but there was not a significant interaction
between group and socioeconomic status [F(1, 82) = 0.01; p = 0.95]. Pearson’s correlations
were run between language principle components and socioeconomic status by group. In
children born very preterm, socioeconomic status was significantly associated with the language
principle component at preschool (r = 0.54, p < 0.01) and school age (r = 0.54, p < 0.01). In
children born full-term, socioeconomic status was also significantly associated with language
principle component at preschool (r = 0.78, p < 0.01) and school age (r = 0.78, p < 0.01).
To investigate the possibility that socioeconomic status may have a differential impact on
language performance based on child sex, additional analyses were run. Repeated measure
general linear model was run with both group and sex were included as between-subject factors,
socioeconomic status was included as a covariate, and interactions were included between both
group and socioeconomic status and group and sex. Within-subject effects found that language
principle component was significantly different over time [F(1, 80) = 15.15; p < 0.01, h2 = 0.16].
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Between-subject effects revealed that there was still a main effect of group [F(1, 80) = 4.16; p <
0.05, h2 = 0.05] and socioeconomic status [F(1, 80) = 36.95; p < 0.01, h2 = 0.32] but there was
no main effect of sex. No significant interactions were found between group and socioeconomic
status or group and sex.
Socioeconomic status was significantly associated with language principle components
across groups at both preschool and school age. Sex was not significantly associated with
language principle components and no significant interactions were found between
socioeconomic status and group or socioeconomic status and sex.
NEUROANATOMICAL STRUCTURES AND LANGUAGE PERFORMANCE
Neural substrates of language have been the subject of much research in healthy, fullterm children as well as clinical populations, such as children born very preterm. Children born
very preterm may have neuroanatomical substrates of language that differ from those born fullterm, as prenatal neural development is disrupted by early birth, which may have downstream
consequences for neural organization. These neural substrates, such as cortical thickness,
surface area, subcortical volumes, and fractional anisotropy of white matter microstructure, all
have different growth trajectories. In addition, these neural substrates may be differentially
impacted by preterm birth and should therefore be investigated in separate analyses.
Cortical thickness. A repeated general linear model was performed to understand the
relationship between language principle components and cortical thickness at preschool and
school age. For this analysis, the language principle components were the dependent variables,
group was a fixed factor, and total intracranial volume and left hemisphere cortical thickness
(pars opercularis, pars triangularis, pars orbitalis, superior temporal gyrus, middle temporal
gyrus, fusiform gyrus, supramarginal gyrus) were included as covariates. No significant within-
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subject effects were found. Between-subject effects found a main effect of group [F(1, 61) =
4.98; p = 0.03, h2 = 0.08]. To investigate the impact of sex, the analysis was run again. The
language principle components was the dependent variables, group and sex as fixed factors, and
total intracranial volume and left hemisphere cortical thickness (pars opercularis, pars
triangularis, pars orbitalis, superior temporal gyrus, middle temporal gyrus, fusiform gyrus,
supramarginal gyrus) were included as covariates. No significant within-subject effects were
found. Between-subject effects neared significance for a main effect of group [F(1, 59) = 3.71;
p = 0.06, h2 = 0.06]. To show the relationship between these variables, partial correlations
among language principle components and left hemisphere cortical thickness (pars opercularis,
pars triangularis, pars orbitalis, superior temporal gyrus, middle temporal gyrus, fusiform gyrus,
supramarginal gyrus), controlling for total intracranial volume and separated by group, are
presented (Table 11). No left hemisphere cortical thickness variables were significantly
associated with the language principle components in either the very preterm or full-term group
at either preschool or school age. Of note, the very preterm group and the full-term group are
different in size and therefore have different statistical power.
Cortical surface area. A repeated general linear model was performed to understand the
relationship between language principle components and cortical surface area at preschool and
school age. For this analysis, the language principle components were the dependent variables,
group was a fixed factor, and total intracranial volume and left hemisphere cortical surface area
(pars opercularis, pars triangularis, pars orbitalis, superior temporal gyrus, middle temporal
gyrus, fusiform gyrus, supramarginal gyrus) were included as covariates. No significant withinsubject effects were found. Between-subject effects found a main effect of group [F(1, 61) =
4.57; p = 0.04, h2 = 0.07]. Between-subject effects neared significance for a main effect of the
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superior temporal gyrus surface area [F(1, 61) = 3.04; p = 0.09, h2 = 0.05]. To investigate the
impact of sex, the analysis was run again. The language principle components were the
dependent variables, group and sex as fixed factors, and total intracranial volume and left
hemisphere cortical surface area (pars opercularis, pars triangularis, pars orbitalis, superior
temporal gyrus, middle temporal gyrus, fusiform gyrus, supramarginal gyrus) were included as
covariates. No significant within-subject effects were found. Between-subject effects found a
main effect of sex [F(1, 59) = 4.07; p < 0.05, h2 = 0.07] and neared significance for group [F(1,
59) = 3.29; p = 0.08, h2 = 0.05]. To show the relationship between these variables, partial
correlations among language principle components and left hemisphere cortical surface area
(pars opercularis, pars triangularis, pars orbitalis, superior temporal gyrus, middle temporal
gyrus, fusiform gyrus, supramarginal gyrus), controlling for total intracranial volume and
separated by group, are presented (Table 12). No left hemisphere cortical surface area variables
were significantly associated with the language principle components in either the very preterm
or full-term group at either preschool or school age. Of note, the very preterm group and the
full-term group are different in size and therefore have different statistical power.
Subcortical volumes. A repeated general linear model was performed to understand the
relationship between language principle components and subcortical volumes at preschool and
school age. For this analysis, the language principle components were the dependent variables,
group was a fixed factor, and total intracranial volume and bilateral subcortical volumes
(putamen, pallidum, thalamus, hippocampus, and caudate) were included as covariates. No
significant within-subject effects were found. Between-subject effects found a main effect for
the putamen [F(1, 63) = 8.96; p = 0.01, h2 = 0.12], thalamus [F(1, 63) = 5.81; p = 0.02, h2 =
0.08], hippocampus [F(1, 63) = 4.54; p = 0.04, h2 = 0.07], and caudate [F(1, 63) = 14.61; p <

52

0.01, h2 = 0.19]. To investigate the impact of sex, the analysis was run again. The language
principle components were the dependent variables, group and sex as fixed factors, and total
intracranial volume and bilateral subcortical volumes (pars opercularis, pars triangularis, pars
orbitalis, superior temporal gyrus, middle temporal gyrus, fusiform gyrus, supramarginal gyrus)
were included as covariates. Within-subject effects neared significance for the hippocampus
[F(1, 61) = 2.99; p = 0.09, h2 = 0.05]. Between-subjects effects found a main effect for the
putamen [F(1, 61) = 7.87; p = 0.01, h2 = 0.11], hippocampus [F(1, 61) = 5.28; p = 0.03, h2 =
0.08, and caudate [F(1, 61) = 12.23; p < 0.01, h2 = 0.17] and neared significance for the
thalamus [F(1, 61) = 3.56; p = 0.06, h2 = 0.06] and group [F(1, 61) = 2.79; p = 0.10, h2 = 0.04].
To show the relationship between these variables, partial correlations among language principle
components and bilateral subcortical volumes (putamen, pallidum, thalamus, hippocampus, and
caudate), controlling for total intracranial volume and separated by group, are presented (Table
13). Within the preterm group, bilateral caudate volume was significantly associated with the
language principle component at preschool and school age. No correlations reached significance
within the full-term group. Of note, the very preterm group and the full-term group are different
in size and therefore have different statistical power.
White matter microstructure. A repeated general linear model was performed to
understand the relationship between language principle components and fractional anisotropy of
white matter microstructure at preschool and school age. For this analysis, the language
principle components were the dependent variables, group was a fixed factor, and total
intracranial volume and left hemisphere fractional anisotropy of white matter tracts (superior
longitudinal fasciculus, uncinate fasciculus, external capsule, and inferior longitudinal
fasciculus) were included as covariates. Within-subject effects found that language principle
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components were significantly different over time by group [F(1, 58) = 4.60; p = 0.04, h2 =
0.07] and neared significance for language principle components [F(1, 58) = 2.84; p = 0.10, h2 =
0.05]. Between-subject effects found a main effect of group F(1, 58) = 5.56; p = 0.02, h2 =
0.09]. To investigate the impact of sex, the analysis was run again. The language principle
components were the dependent variables, group and sex as fixed factors, and total intracranial
volume and left hemisphere fractional anisotropy of white matter tracts (superior longitudinal
fasciculus, uncinate fasciculus, external capsule, and inferior longitudinal fasciculus) were
included as covariates. Within-subject effects found that language principle components was
significantly different over time by group [F(1, 56) = 4.79; p = 0.03, h2 = 0.08]. Betweensubject effects found a main effect of group F(1, 56) = 5.22; p = 0.03, h2 = 0.09]. To show the
relationship between these variables, partial correlations among language principle components
and left hemisphere fractional anisotropy of white matter tracts (superior longitudinal fasciculus,
uncinate fasciculus, external capsule, and inferior longitudinal fasciculus), controlling for total
intracranial volume and separated by group, are presented (Table 14). Within the full-term
group, left hemisphere inferior longitudinal fasciculus was significantly associated with the
language principle component at preschool and school age. No correlations reached significance
within the preterm group. Of note, the very preterm group and the full-term group are different
in size and therefore have different statistical power.
Neuroanatomical structures and language performance summary. Overall, a
significant main effect was consistently found for group across analyses, except for the bilateral
subcortical volumes, indicating that children born very preterm scored significantly lower on
language principle components across preschool and school age. Sex reached significance in the
left hemisphere cortical surface area analyses. Out of all of the analyses run, bilateral subcortical
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volumes were the only neuroanatomical structures that reached significance. Results of the
repeated measures general linear models are presented (Table 15).
SOCIOECONOMIC STATUS, NEUROANATOMICAL STRUCTURES, AND LANGUAGE PERFORMANCE
Lower socioeconomic has been found to detrimentally impact neural development and
language development. Given that children born very preterm may be more sensitive to the
environment, it is important to investigate this complex relationship among socioeconomic
status, neural development, and language development. Analyses from the prior section were
performed again, this time socioeconomic status was included as a covariate.
Cortical thickness. A repeated general linear model was performed to investigate if
socioeconomic status changes the relationship between language principle components and
cortical thickness at preschool and school age. For this analysis, the language principle
components were the dependent variables, group was a fixed factor, and total intracranial
volume, left hemisphere cortical thickness (pars opercularis, pars triangularis, pars orbitalis,
superior temporal gyrus, middle temporal gyrus, fusiform gyrus, supramarginal gyrus) and
socioeconomic status were included as covariates and an interaction was included between group
and socioeconomic status. No significant within-subject effects were found. Between-subject
effects found a main effect of socioeconomic status [F(1, 58) = 29.92; p < 0.01, h2 = 0.34] and
the superior temporal gyrus thickness [F(1, 58) = 4.79; p = 0.03, h2 = 0.08] and neared
significance for pars triangularis thickness [F(1, 58) = 3.46; p = 0.07, h2 = 0.06] and
supramarginal gyrus thickness [F(1, 58) = 2.80; p = 0.10, h2 = 0.05]. To investigate the impact
of sex, the analysis was run again. The language principle components were the dependent
variables, group was the fixed factor, and total intracranial volume and left hemisphere cortical
thickness (pars opercularis, pars triangularis, pars orbitalis, superior temporal gyrus, middle
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temporal gyrus, fusiform gyrus, supramarginal gyrus) and socioeconomic status were included as
covariates and an interaction was included between sex and socioeconomic status. No
significant within-subject effects were found. Between-subject effects found a main effect of
socioeconomic status [F(1, 57) = 31.58; p < 0.01, h2 = 0.36] and superior temporal gyrus
thickness [F(1, 57) = 3.64; p = 0.03, h2 = 0.08]. Between-subject effects neared significance for
a main effect of pars triangularis thickness [F(1, 57) = 3.48; p = 0.07, h2 = 0.06]. Partial
correlations were performed between socioeconomic status and left hemisphere cortical
thickness (pars opercularis, pars triangularis, pars orbitalis, superior temporal gyrus, middle
temporal gyrus, fusiform gyrus, supramarginal gyrus), controlling for total intracranial volume
and separated by group. In children born very preterm, socioeconomic status was significantly
associated with the middle temporal gyrus thickness (r = -0.33, p = 0.02) and supramarginal
gyrus thickness (r = -0.29, p = 0.04). In children born full-term, socioeconomic status was not
significantly associated with any cortical thickness.
Cortical surface area. A repeated general linear model was performed to investigate if
socioeconomic status changes the relationship between language principle components and
cortical surface area at preschool and school age. For this analysis, the language principle
components were the dependent variables, group was a fixed factor, and total intracranial
volume, cortical surface area (pars opercularis, pars triangularis, pars orbitalis, superior temporal
gyrus, middle temporal gyrus, fusiform gyrus, supramarginal gyrus) and socioeconomic status
were included as covariates and an interaction was included between group and socioeconomic
status. No significant within-subject effects were found. Between-subject effects found a main
effect of socioeconomic status [F(1, 58) = 26.29; p < 0.01, h2 = 0.31] and group [F(1, 58) =
4.670; p = 0.03, h2 = 0.08] and neared significance for superior temporal gyrus surface area [F(1,
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58) = 3.19; p = 0.08, h2 = 0.05]. To investigate the impact of sex, the analysis was run again.
The language principle components was the dependent variables, group was the fixed factor, and
total intracranial volume and left hemisphere cortical surface area (pars opercularis, pars
triangularis, pars orbitalis, superior temporal gyrus, middle temporal gyrus, fusiform gyrus,
supramarginal gyrus) and socioeconomic status was included as covariates and an interaction
was included between sex and socioeconomic status. No significant within-subject effects were
found. Between-subject effects found a main effect of socioeconomic status [F(1, 57) = 26.60; p
< 0.01, h2 = 0.32] and neared significance for a main effect of group [F(1, 57) = 3.74; p = 0.06,
h2 = 0.06] and sex [F(1, 57) = 3.88; p = 0.05, h2 = 0.06]. Partial correlations were performed
among socioeconomic status and left hemisphere cortical surface area (pars opercularis, pars
triangularis, pars orbitalis, superior temporal gyrus, middle temporal gyrus, fusiform gyrus,
supramarginal gyrus), controlling for total intracranial volume and separated by group.
Socioeconomic status was not significantly associated with any cortical surface area in either
children born very preterm or children born full-term.
Subcortical volumes. A repeated general linear model was performed to investigate if
socioeconomic status changes the relationship between language principle components and
subcortical volumes at preschool and school age. For this analysis, the language principle
components were the dependent variables, group was a fixed factor, and total intracranial
volume, bilateral subcortical volumes (putamen, pallidum, thalamus, hippocampus, and caudate),
and socioeconomic status were included as covariates and an interaction was included between
group and socioeconomic status. No significant within-subject effects were found. Betweensubject effects found a main effect for socioeconomic status [F(1, 60) = 21.43; p < 0.01, h2 =
0.26], thalamus [F(1, 60) = 4.67, p = 0.04, h2 = 0.07], and caudate [F(1, 60) = 14.49; p < 0.01,
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h2 = 0.20]. Between-subject effects neared significance for the putamen [F(1, 60) = 3.99; p =
0.05, h2 = 0.06]. To investigate the impact of sex, the analysis was run again. The language
principle components were the dependent variables, group was the fixed factor, and total
intracranial volume and bilateral subcortical volumes (putamen, pallidum, thalamus,
hippocampus, and caudate) and socioeconomic status were included as covariates and an
interaction was included between sex and socioeconomic status. Within-subject effects neared
significance for the hippocampus [F(1, 59) = 3.61; p = 0.06, h2 = 0.06]. Between-subject effects
found a main effect for socioeconomic status [F(1, 59) = 20.21; p < 0.01, h2 = 0.26] and the
caudate [F(1, 59) = 13.32; p < 0.01, h2 = 0.18]. Between-subject effects neared significance for
the putamen [F(1, 59) = 3.26; p = 0.08, h2 = 0.05] and thalamus [F(1, 59) = 3.27; p = 0.08, h2 =
0.05]. Partial correlations were performed among socioeconomic status and bilateral subcortical
volumes (putamen, pallidum, thalamus, hippocampus, and caudate), controlling for total
intracranial volume and separated by group. Socioeconomic status was not significantly
associated with any cortical surface area in either children born very preterm or children born
full-term.
White matter microstructure. A repeated general linear model was performed to
investigate if socioeconomic status changes the relationship between language principle
components and fractional anisotropy of white matter microstructure at preschool and school
age. For this analysis, the language principle components were the dependent variables, group
was a fixed factor, and total intracranial volume, left hemisphere fractional anisotropy of white
matter tracts (superior longitudinal fasciculus, uncinate fasciculus, external capsule, and inferior
longitudinal fasciculus), and socioeconomic status were included as covariates and an interaction
was included between group and socioeconomic status. Within-subject effects neared
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significance for language principle components [F(1, 54) = 3.24; p = 0.08, h2 = 0.06] and
language principle components by group [F(1, 54) = 3.55; p = 0.07, h2 = 0.06]. Betweensubject effects found a main effect of the external capsule [F(1, 55) = 4.16; p < 0.05, h2 = 0.07]
and socioeconomic status [F(1, 55) = 26.07; p < 0.01, h2 = 0.32]. Between-subject effects
neared significance for the uncinate fasciculus [F(1, 55) = 3.65; p = 0.06, h2 = 0.06] and group
[F(1, 55) = 3.45; p = 0.07, h2 = 0.06]. To investigate the impact of sex, the analysis was run
again. The language principle components were the dependent variables, group was the fixed
factor, and total intracranial volume and left hemisphere fractional anisotropy of white matter
tracts (superior longitudinal fasciculus, uncinate fasciculus, external capsule, and inferior
longitudinal fasciculus) and socioeconomic status were included as covariates and an interaction
was included between sex and socioeconomic status. Within-subject effects neared significance
for group [F(1, 54) = 3.91; p = 0.05, h2 = 0.07]. Between-subject effects found a main effect of
socioeconomic status [F(1, 54) = 26.81; p < 0.01, h2 = 0.33] and the external capsule [F(1, 54) =
4.61; p = 0.04, h2 = 0.08] and neared significance for the uncinate fasciculus [F(1, 54) = 3.51; p
= 0.07, h2 = 0.06]. Partial correlations were performed among socioeconomic status and left
hemisphere fractional anisotropy of white matter tracts (superior longitudinal fasciculus,
uncinate fasciculus, external capsule, and inferior longitudinal fasciculus), controlling for total
intracranial volume and separated by group. In children born very preterm, lower socioeconomic
status was significantly associated with external capsule tract (r = -0.31, p = 0.03). In children
born full-term, socioeconomic status was significantly associated with the inferior longitudinal
fasciculus (r = 0.58, p = 0.03).
Neuroanatomical structures, socioeconomic status, and language performance
summary. A significant and strong main effect was consistently found for socioeconomic status
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across analyses that remained after sex was added. This finding indicates that language
performance of all children, regardless of group or sex, was significantly associated with lower
socioeconomic status. Group reached significance in cortical surface area analysis, which was
no longer significant after sex was added. Group was not significant in any other analyses,
which demonstrates that, once socioeconomic status is included in the analyses, the impact of
preterm birth lessens. Cortical thickness, subcortical volume, and fractional anisotropy of white
matter tracts reached significance in these analyses, specifically superior temporal gyrus
thickness, thalamus volume, caudate volume, and the external capsule tract. Sex did not reach
significance in any of the analyses. Results of the repeated measures general linear models are
presented (Table 15).
POST-HOC ANALYSES
Total intracranial volume. Most neuroimaging research studies tend to include total
intracranial volume as a covariate in order to account for potential effects of head size (Inder et
al., 2005; Karolis et al., 2017; Keunen et al., 2016; Loh et al., 2017; Northam et al., 2012;
Solsnes et al., 2016; Thompson et al., 2011). When total intracranial volume is included as a
covariate, unique contributions of specific neuroanatomical structures to language performance
may be captured, whereas analyses without total intracranial volume may capture broader causal
influences that affect many brain regions. Infants born very preterm may exhibit impaired brain
growth and maturation when compared to infants born full-term, which may be a consequence of
a primary injury or secondary disturbance related to prematurity (Volpe, 2009). At term
equivalent age, reductions in both white and gray matter structures have been found in children
born very preterm (Keunen et al., 2016; Thompson et al., 2011; Young et al., 2015).
Accordingly, a strong relationship between smaller total intracranial volumes and poorer
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neuropsychological outcomes has been consistently found (Keunen et al., 2016; Thompson et al.,
2011; Young et al., 2015).
To investigate the role of total intracranial volume in the analyses, partial correlations
were performed between language principle components and neuroanatomical structures,
controlling for total intracranial volume for the whole sample. The language principle
component was significantly associated with the caudate at preschool (r = 0.39, p < 0.01) and
school age (r = 0.41, p < 0.01). To investigate if total intracranial volume may have been acting
as a suppresser variable in the analyses, analyses were performed again without total intracranial
volume. Pearson’s correlations were performed between language principle components and
neuroanatomical structures. The language principle component was still significantly associated
with the bilateral caudate at preschool (r = 0.38, p < 0.01) and school age (r = 0.39, p < 0.01).
The language principle component was significantly associated with the bilateral pallidum at
school age (r = 0.23, p < 0.05). To investigate further the impact of total intracranial volume,
analyses were performed again with the sample divided by group. Within the preterm group, the
language principle components were still significantly associated with the bilateral caudate at
preschool and school age in analyses both controlling for total intracranial volume (r = 0.39, p <
0.01; r = 0.41, p < 0.01) and without this covariate (r = 0.32, p = 0.02; r = 0.33, p = 0.01).
Within the full-term group, the language principle components were significantly associated with
the left hemisphere inferior longitudinal fasciculus when controlling for total intracranial volume
(r = 0.58, p = 0.02; r = 0.57, p = 0.03). When total intracranial volume was not included in the
analyses, this relationship was longer reached significance but the language principle
components were significantly associated with the left hemisphere external capsule (r = 0.51, p =
0.04; r = 0.52, p = 0.03).
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Cortical volume. As mentioned previously, cortical volume represents a composite of
cortical thickness and cortical surface area (Raznahan et al., 2011) and cortical volume is used in
the preterm literature more often than cortical thickness or cortical surface area.
To investigate if cortical volume may be more sensitive to capturing group differences,
partial correlations were performed between language principle components and cortical
volumes, controlling for total intracranial volume for the whole sample. The language principle
component was not significantly associated with any of the cortical volumes at either preschool
or school age. Analyses were performed again, this time divided by group, and no associations
reached significance. A repeated general linear model was performed, with the language
principle components as the dependent variables, group as a fixed factor, and total intracranial
volume and left hemisphere volumes (pars opercularis, pars triangularis, pars orbitalis, superior
temporal gyrus, middle temporal gyrus, fusiform gyrus, supramarginal gyrus) as covariates.
Within-subject effects were significant for left hemisphere supramarginal gyrus volume [F(1, 61)
= 4.82; p = 0.03, h2 = 0.07]. Between-subject effects neared significant for a main effect of
group [F(1, 61) = 3.11; p = 0.08, h2 = 0.05]. To investigate the possible impact of
socioeconomic status on cortical volumes, the analysis was performed again including
socioeconomic status as a covariate. Within-subject effects neared significance for left
hemisphere supramarginal gyrus volume [F(1, 58) = 3.92; p < 0.05, h2 = 0.06]. Betweensubject effects reached significance for socioeconomic status [F(1, 58) = 26.76; p < 0.01, h2 =
0.32] and neared significance for left hemisphere supramarginal gyrus [F(1, 58) = 3.50; p =
0.07, h2 = 0.06].
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Subcortical volume. Given that the current analyses included bilateral subcortical
volumes, follow up analyses were run to investigate the left and right hemisphere subcortical
volumes individually.
A repeated general linear model was performed to understand the relationship between
language principle components and left hemisphere subcortical volumes at preschool and school
age. For this analysis, the language principle components were the dependent variables, group
and sex were fixed factors, and total intracranial volume and right hemisphere subcortical
volumes (putamen, pallidum, thalamus, hippocampus, and caudate) were included as covariates.
No significant within-subject effects were found. Between-subject effects found a main effect
for the putamen [F(1, 63) = 6.78; p = 0.01, h2 = 0.10] and caudate [F(1, 63) = 17.00; p < 0.01,
h2 = 0.21].
A repeated general linear model was performed to understand the relationship between
language principle components and right hemisphere subcortical volumes at preschool and
school age. For this analysis, the language principle components were the dependent variables,
group and sex were fixed factors, and total intracranial volume and right hemisphere subcortical
volumes (putamen, pallidum, thalamus, hippocampus, and caudate) were included as covariates.
No significant within-subject effects were found. Between-subject effects found a main effect
for the putamen [F(1, 63) = 8.30; p < 0.01, h2 = 0.12], thalamus [F(1, 63) = 5.94; p = 0.02, h2 =
0.09], hippocampus [F(1, 63) = 11.41; p < 0.01, h2 = 0.15], and caudate [F(1, 63) = 13.38; p <
0.01, h2 = 0.18]. These follow up analyses investigating left and right hemisphere subcortical
volumes found that the right hemisphere may have been driving some of these effects, at least for
the thalamus and hippocampus.
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Birthweight and gestational age. Factors related to prematurity have been associated
with overall language development, with decreasing gestational age and lower birthweight
associated with poorer long-term outcomes. Indeed, prior analyses revealed significant group
differences between children born very preterm and children born full-term at both preschool and
school age. Therefore, additional analyses in just the preterm group investigated if factors
related to prematurity were significantly related to language outcomes. The geometric mean of
gestational age and birthweight was computed and used in subsequent analyses. A geometric
mean was computed by multiplying each individual’s gestational age and birthweight together
and then computing the square root of that number.
Pearson’s correlations were performed and prematurity was not significantly associated
with any of the individual language performance measures, the language principle components,
or the socioeconomic principle component. Repeated measures general linear model was
performed with language principle components as the dependent variable, including prematurity
as a covariate. No within or between-subject effects were significant for prematurity. To
investigate the relationship among prematurity, language performance, and socioeconomic
status, repeated measures general linear model was utilized with prematurity and socioeconomic
status as covariates and an interaction between prematurity and socioeconomic status. No
within-subject effects reached significance. Between-subjects effects determined that there was
a significant interaction between prematurity and socioeconomic status [F(1, 60) = 8.92, p <
0.01, h2 = 0.13]. To investigate the relationship among prematurity, language performance, and
neuroanatomical structures, partial correlations were performed, controlling for total intracranial
volume. Prematurity was significantly associated with left hemisphere pars orbitalis thickness (r
= 0.35, p = 0.01), left hemisphere supramarginal gyrus thickness (r = 0.37, p < 0.01), left
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hemisphere supramarginal gyrus surface area (r = -0.44, p < 0.01), bilateral pallidum volume (r =
0.38, p < 0.01), left hemisphere uncinate fasciculus (r = 0.34, p = 0.02), and left hemisphere
inferior longitudinal fasciculus (r = 0.29, p < 0.05). A series of repeated general linear models
were performed to understand the relationship between prematurity, language performance, and
neuroanatomical structures (cortical thickness, cortical surface area, subcortical volumes, and
fractional anisotropy of white matter tracts) at preschool and school age. No significant within
or between-subject effects were found related to prematurity in of the analyses. To investigate
the impact of socioeconomic status, analyses were repeated to include socioeconomic status as a
covariate and an interaction term between socioeconomic status and prematurity. No significant
within-subject effects were found in any of the analyses. Between-subjects effects determined
that there was a significant interaction between prematurity and socioeconomic status [F(1, 39) =
5.27, p = 0.03, h2 = 0.12] for the left hemisphere cortical thickness analysis and the left
hemisphere surface area analysis [F(1, 39) = 6.29, p = 0.02, h2 = 0.14]. Interestingly, a main
effect of socioeconomic status was only significant for left hemisphere cortical thickness [F(1,
39) = 5.68, p = 0.02, h2 = 0.13] and left hemisphere surface area [F(1, 39) = 6.66, p = 0.01, h2 =
0.15], and no longer reached significance for subcortical volumes or fractional anisotropy of
white matter tracts.
Familial resources. As mentioned previously, the socioeconomic status variable used in
the analyses was created using a principle components analysis composed of seven demographic
variables. This principle components analysis also created a second variable, which was termed
“familial resources”. Additional analyses were conducted including familial resources.
Pearson’s correlations were performed. Within the preterm group, at preschool age familial
resources was significantly associated with Receptive Language (r = -0.43, p < 0.01), Picture
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Naming (r = -0.38, p < 0.01), Comprehension of Instructions (r = -0.25, p < 0.05), Word
Generation (r = -0.29, p = 0.02), Memory for Words (r = -0.34, p < 0.01), and the language
principle component (r = -0.41, p < 0.01) and at school age familial resources was significantly
associated with Receptive Vocabulary (r = -0.32, p = 0.02) and the language principle
component (r = -0.41, p < 0.01). No correlations reached significance within the full-term group.
To investigate if this second variable accounted for unique variance in language principle
components, repeated measures general linear model was utilized with group as a betweensubject factor and socioeconomic status and familial resources as covariates and interactions
were included between group and socioeconomic status and group and familial resources.
Within-subject effects found that language principle components were significantly different
over time [F(1, 80) = 13.87; p < 0.01, h2 = 0.15], as the overall group mean is significantly
higher at school age than at preschool age. Between-subjects effects determined that there was a
main effect of group [F(1, 80) = 4.04, p < 0.05, h2 = 0.05], socioeconomic status [F(1, 80) =
31.16; p < 0.01, h2 = 0.28], and familial resources [F(1, 80) = 4.55; p = 0.04, h2 = 0.05] on
language principle components but there was not a significant interaction between group and
socioeconomic status or group and familial resources.
Deconstructing socioeconomic status. A significant and strong main effect of
socioeconomic status was reported in the analyses, which is consistent with the literature. The
socioeconomic status variable used in the current analyses was the first factor derived from a
principle components analysis. As socioeconomic status is a complex multidimensional
construct, it is important to investigate the contributions of the individual factors of which it is
composed. Repeated measures general linear model was performed with language principle
components as the dependent variable, including family income, maternal education, maternal
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ethnicity, and primary language as covariates. No significant within-subject effects were found.
Between-subject effects determined that there was a significant main effect of family income
[F(1, 80) = 13.30, p < 0.01, h2 = 0.14], maternal education [F(1, 80) = 5.31, p = 0.04, h2 = 0.05],
and maternal ethnicity [F(1, 80) = 5.03, p = 0.04, h2 = 0.05].
Picture Naming. We used the language principle components as the outcome
measure in all statistical analyses that include structural neuroanatomy. However, this strategy
meant that the neural substrates of distinct language abilities (receptive language, expressive
language, complex receptive language, verbal fluency, and verbal working memory) were not
investigated. Given the relatively weak relationship between cortical thickness, cortical surface,
and fractional anisotropy of white matter microstructure and language principle components,
analyses were re-run for all individual language performance measures. The results presented
are for Picture Naming, given the striking difference between these results and results reported
for the language principle components. Results of the repeated measures general linear models
are presented (Table 16).
Cortical thickness. A repeated general linear model was performed to understand the
relationship between Picture Naming and cortical thickness at preschool and school age. For this
analysis, Picture Naming was the dependent variables, group was a fixed factor, and total
intracranial volume and left hemisphere cortical thickness (pars opercularis, pars triangularis,
pars orbitalis, superior temporal gyrus, middle temporal gyrus, fusiform gyrus, supramarginal
gyrus) were included as covariates. Within-subject effects were significant for pars orbitalis
thickness [F(1, 58) = 7.03; p = 0.01, h2 = 0.11] and middle temporal gyrus thickness [F(1, 58) =
5.31; p = 0.03, h2 = 0.08] and neared significance for pars triangularis thickness [F(1, 58) =
3.65; p = 0.06, h2 = 0.06] and fusiform gyrus thickness [F(1, 58) = 3.49; p = 0.07, h2 = 0.06].
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Between-subject effects found a main effect of pars opercularis thickness [F(1, 58) = 4.23; p =
0.04, h2 = 0.07] and pars triangularis thickness [F(1, 58) = 4.28; p = 0.04, h2 = 0.07] and neared
significance for group [F(1, 58) = 3.30; p = 0.07, h2 = 0.05].
A repeated general linear model was performed to investigate if socioeconomic status
changes the relationship between Picture Naming and cortical thickness at preschool and school
age. For this analysis, Picture Naming were the dependent variables, group was a fixed factor,
and total intracranial volume, left hemisphere cortical thickness (pars opercularis, pars
triangularis, pars orbitalis, superior temporal gyrus, middle temporal gyrus, fusiform gyrus,
supramarginal gyrus) and socioeconomic status were included as covariates and an interaction
was included between group and socioeconomic status. Within-subject effects were significant
for pars orbitalis thickness [F(1, 55) = 5.18; p = 0.03, h2 = 0.09] and middle temporal thickness
[F(1, 55) = 6.28; p = 0.02, h2 = 0.10] and neared significance for pars triangularis thickness
[F(1, 55) = 4.03; p = 0.05, h2 = 0.07], superior temporal gyrus thickness [F(1, 55) = 2.84; p =
0.10, h2 = 0.05], and fusiform gyrus thickness [F(1, 55) = 2.93; p = 0.09, h2 = 0.05]. Betweensubject effects found a main effect of socioeconomic status [F(1, 55) = 14.01; p < 0.01, h2 =
0.20] and pars opercularis thickness [F(1, 55) = 4.15; p < 0.05, h2 = 0.07] and neared
significance for pars triangularis thickness [F(1, 55) = 4.02; p = 0.05, h2 = 0.07].
Cortical surface area. A repeated general linear model was performed to understand the
relationship between Picture Naming and cortical surface area at preschool and school age. For
this analysis, Picture Naming was the dependent variables, group was a fixed factor, and total
intracranial volume and left hemisphere cortical surface area (pars opercularis, pars triangularis,
pars orbitalis, superior temporal gyrus, middle temporal gyrus, fusiform gyrus, supramarginal
gyrus) were included as covariates. Within-subject effects were significant for total intracranial
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volume [F(1, 58) = 4.30; p = 0.04, h2 = 0.07] and fusiform gyrus surface area [F(1, 58) = 7.08;
p = 0.01, h2 = 0.11]. Between-subject effects found a main effect of superior temporal gyrus
surface area [F(1, 58) = 54.53; p = 0.04, h2 = 0.07].
A repeated general linear model was performed to investigate if socioeconomic status
changes the relationship between Picture Naming and cortical surface area at preschool and
school age. For this analysis, Picture Naming were the dependent variables, group was a fixed
factor, and total intracranial volume, left hemisphere cortical surface area (pars opercularis, pars
triangularis, pars orbitalis, superior temporal gyrus, middle temporal gyrus, fusiform gyrus,
supramarginal gyrus) and socioeconomic status were included as covariates and an interaction
was included between group and socioeconomic status. Within-subject effects were significant
for group [F(1, 55) = 4.53; p = 0.04, h2 = 0.08], total intracranial volume [F(1, 55) = 4.78; p =
0.03, h2 = 0.08], and fusiform gyrus surface area [F(1, 55) = 6.46; p = 0.01, h2 = 0.11].
Between-subject effects found a main effect of socioeconomic status [F(1, 55) = 14.06; p < 0.01,
h2 = 0.20].
Subcortical volumes. A repeated general linear model was performed to understand the
relationship between Picture Naming and subcortical volumes at preschool and school age. For
this analysis, Picture Naming were the dependent variables, group and sex were fixed factors,
and total intracranial volume and bilateral subcortical volumes (putamen, pallidum, thalamus,
hippocampus, and caudate) were included as covariates. Within-subject effects were significant
for the caudate [F(1, 60) = 5.54; p = 0.02, h2 = 0.08]. Between-subject effects found a main
effect for the putamen [F(1, 60) = 8.00; p < 0.01, h2 = 0.12], thalamus [F(1, 60) = 5.38; p =
0.02, h2 = 0.08], hippocampus [F(1, 60) = 5.55; p = 0.02, h2 = 0.09], and caudate [F(1, 60) =
11.85; p < 0.01, h2 = 0.17].
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A repeated general linear model was performed to investigate if socioeconomic status
changes the relationship between Picture Naming and subcortical volumes at preschool and
school age. For this analysis, Picture Naming were the dependent variables, group and sex were
fixed factors, and total intracranial volume, bilateral subcortical volumes (putamen, pallidum,
thalamus, hippocampus, and caudate), and socioeconomic status were included as covariates and
an interaction was included between group and socioeconomic status. Within-subject effects
were significant for the caudate [F(1, 57) = 5.77; p = 0.02, h2 = 0.09]. Between-subject effects
found a main effect for socioeconomic status [F(1, 57) = 11.62; p < 0.01, h2 = 0.17], thalamus
[F(1, 57) = 5.66, p = 0.02, h2 = 0.09], and caudate [F(1, 57) = 10.04; p < 0.01, h2 = 0.15].
White matter microstructure. A repeated general linear model was performed to
understand the relationship between Picture Naming and fractional anisotropy of white matter
microstructure at preschool and school age. For this analysis, the language principle components
were the dependent variables, group and sex were fixed factors, and total intracranial volume and
left hemisphere fractional anisotropy of white matter tracts (superior longitudinal fasciculus,
uncinate fasciculus, external capsule, and inferior longitudinal fasciculus) were included as
covariates. No significant within- or between-subject effects were found.
A repeated general linear model was performed to investigate if socioeconomic status
changes the relationship between language principle components and fractional anisotropy of
white matter microstructure at preschool and school age. For this analysis, the language
principle components were the dependent variables, group and sex were fixed factors, and total
intracranial volume, left hemisphere fractional anisotropy of white matter tracts (superior
longitudinal fasciculus, uncinate fasciculus, external capsule, and inferior longitudinal
fasciculus), and socioeconomic status were included as covariates and an interaction was
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included between group and socioeconomic status. No significant within-subject effects were
found. Between-subject effects found a main effect of socioeconomic status [F(1, 54) = 15.96; p
< 0.01, h2 = 0.23].

71

DISCUSSION
The current study offered three major findings. First, language performance is
significantly lower in children born very preterm when compared to children born full-term at
preschool and school age. Second, we were able to identify striking neural correlates of
language in subcortical regions, but these relationships were much weaker in investigations with
cortical thickness, cortical surface, and fractional anisotropy of white matter microstructure.
Third, socioeconomic status had a strong and complex relationship with both language
performance measure and structural neuroanatomy that highlights the possible importance of
corticostriatal learning circuits in poorer language performance in children born preterm.
GROUP DIFFERENCES IN LANGUAGE PERFORMANCE
This study provides longitudinal information on weaker language performance in
children born very preterm when compared to children born full-term, which is consistent with
the literature to date (Magill-Evans et al., 2002; Murner-Lavanchy et al., 2014; Noort-van der
Spek et al., 2012; Stolt et al., 2014). Specifically, our study found that children born very
preterm had significantly lower performance on tasks of receptive language (preschool d = 0.51,
school age d = 0.50) and verbal working memory (preschool d = 1.08, school age d = 0.68) at
both preschool and school age. This result parallels other research studies (Noort-van der Spek
et al., 2012; Sansavini et al., 2011; Stolt et al., 2014), which found that children born very
preterm have delays in language acquisition and use that persist throughout development. There
are two meta-analyses that provide effect sizes to help contextualize the current findings. The
first meta-analysis investigated language functioning in children born preterm in 3 to 12 years of
age (Noort-van der Spek et al., 2012). The second investigated a range of neurobehavioral
outcomes in children born preterm, but for our purposes the focus is on their findings related to

72

executive functioning, including working memory, which included research studies with children
age 7 through 23 years (Aarnoudse-Moens et al., 2009). Noort-van der Spek and colleagues
(2012) reported a medium effect size (d = 0.45) for receptive language and, interestingly, did not
find that these group differences increased with age. When looking at only receptive language
for children age 3 through 7, effect sizes ranged from small to large (0.27 to 0.91; Noort-van der
Spek et al., 2012). No group differences were found on tasks of expressive language between
children born very preterm and children born full-term. However, we did find a medium effect
size for expressive language at preschool age (d = 0.58) but a small effect size at school age (d =
0.26), which indicates that there were group differences earlier that did not reach significance
due to power. There is literature that indicates children born very preterm have significantly
lower performance on tests of expressive language (Magill-Evans et al., 2002). It is interesting
to note that these group differences lessened over time.
Our current analyses found a small effect size for complex receptive language at
preschool age (d = 0.26) and a medium effect size for complex receptive language at school age
(d = 0.53), which is consistent with what is reported in one of the meta-analyses about effect
sizes for complex language (d = 0.62; Noort-van der Spek et al., 2012). In addition, Noort-van
der Spek and colleagues (2012) found that these group differences in complex language
increased significantly with age, consistent with current findings from preschool to school age.
Our present analyses found a large effect size for verbal working memory at preschool
age (d = 1.08) and a medium effect size for verbal working memory at school age (d = 0.68). In
contrast to these findings, Aarnoudse-Moens and colleagues (2009) reported a small effect size
(d = 0.36), for working memory specifically, as measured using a Digit Span task. While Digit
Span is a verbally mediated task, it is not comparable to the Memory for Words task, which
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relies on repetition of increasingly long strings of unrelated words. Current findings indicated a
large effect size for verbal fluency at school age (d = 0.80), whereas Aarnoudse-Moens and
colleagues (2009) reported a medium effect size (d = 0.57) for tasks of verbal fluency. While
this meta-analysis included children as young as 7 years of age on tasks of executive functioning,
the youngest age of participants on tasks of verbal fluency was 13 years (Aarnoudse-Moens et
al., 2009). In light of these data, it is difficult to compare directly these effect sizes.
Interestingly, in the present analyses, the effect size of verbal fluency at preschool age was
minimal at preschool age (d = 0.18). Performance on a task of verbal fluency depends on
complex cognitive processes that utilize both language and executive functioning skills,
including vocabulary size, semantic or phonemic knowledge, speeded information processing,
inhibition, and verbal working memory. Romine and Reynolds (2005) posited that verbal
fluency is a more complex task of verbal executive functioning, which develops after the simpler
executive skills including inhibition of perseveration, set maintenance, and nonverbal fluency.
Males, regardless of group, performed more poorly on tasks of expressive language and
complex receptive language at both preschool and school age. In general, the effect sizes
presented ranged from small to medium at preschool and school age (d = 0.26 to 0.59). To date,
the extant literature on sex differences is discrepant. Females have been found to have an
advantage in language development and males are more likely to be diagnosed with a
developmental Language Disorder and have poorer overall outcomes (Liao et al., 2015;
Snowling, Duff, Nash, & Hulme, 2016). In addition, no interaction between preterm birth and
sex was found. Again, the literature to date is inconsistent, as some researchers have found that
males born very preterm have poorer outcomes than females (Sansavini et al., 2011), whereas
other investigations have not identified sex differences (Stolt et al., 2014).
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SOCIOECONOMIC STATUS AND LANGUAGE PERFORMANCE
Socioeconomic status was strongly associated with the language principle components in
very preterm and full-term children at both preschool and school age and significantly accounted
for group differences over time. This finding is consistent with the robust literature regarding the
relationship between socioeconomic status and cognitive development, with language and
executive functioning being the areas that are most associated with socioeconomic status (Brito
& Noble, 2014; Noble et al., 2015). In these initial analyses including the whole sample, no
interaction was found between socioeconomic status and group, which highlights the significant
relationship of socioeconomic status with a child’s overall growth and development.
Interestingly, in follow up analyses with only children born very preterm, an interaction was
found between socioeconomic status and the geometric mean created from gestational age and
birthweight. This finding is consistent with what is generally understood about prematurity,
specifically that it occurs disproportionately in low income and racial and ethnic minority
families and that socioeconomic status is known to predispose children to poorer overall
outcomes (Bronstein, 2017). However, the small literature to date has yet to confirm an
interaction between socioeconomic status and prematurity (Dall’Oglio et al., 2010; Potharst et
al., 2011). It may be that differences in study design account for lack of findings in prior
research.
Potharst and colleagues (2011) studied a sample of 5 year old very preterm children (<30
weeks gestation) who had similar medical complications to the current sample. These
researchers stratified developmental outcomes based on level of parental educational attainment
(high, middle, and low) and found a trend between full scale IQ as measured by the WPPSI-III
and parental education (p = 0.08). It may be that modest power limited their ability to find a
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significant interaction, although their sample was larger than the current study sample with 104
very preterm children and 95 full-term children. Interestingly, the preterm group had
significantly lower parental educational attainment than the full-term group. It may be that
group membership itself is not as sensitive to the impact of socioeconomic status as gestational
age or birthweight. In addition, Potharst et al. (2011) did not investigate the interaction between
parental education and factors related to prematurity, such as gestational age or birthweight;
rather, they simply had an interaction between group (preterm or full-term) and parental
education. Dall’Oglio and colleagues (2010) studied a sample of 4-year-old very preterm
children (<33 weeks gestation) who had similar medical complications to the current sample.
These researchers investigated a possible interaction between gestational age and maternal
education on overall cognition, which was assessed using the Griffiths Mental Development
scales, which was not significant. It may be that modest power limited their ability to find a
significant interaction, as their sample had 35 very preterm and 50 full-term children. However,
the preterm and full-term group were not significantly different in terms of maternal educational
attainment.
Finally, inclusion of birthweight as well as gestational age in these analyses (Dall’Oglio
et al., 2010; Potharst et al., 2011) may have made these investigations more robust, as
birthweight is a more objective value. Calculation of gestational age is surprisingly inconsistent
across countries. The United States records gestational age based on reported date of last
menstrual period, whereas Canada and some European countries calculate gestational age based
on clinical estimate, which often dates the infant as older than the last menstrual period
(Bronstein, 2017). However, the inclusion of only birthweight is potentially problematic as well,
as neonates may be more mature but smaller due to intra-uterine growth restriction. Current
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findings differ from prior analyses in a number of ways. Our analyses were performed in only
the preterm group and included an interaction with the geometric mean calculated from both
gestational age and birthweight.
It may be that the interaction between socioeconomic status and prematurity is difficult to
capture, as the causes of preterm birth are still not well understood and may vary across
individuals. There may also be a nonlinear effect of socioeconomic status, such that the
interaction is only present in those children who are extremely preterm or in the lowest
socioeconomic group, as they are the most sensitive or vulnerable. This notion is supported by
the trend that Potharst and colleagues (2011) reported when they stratified their analyses.
Another possibility is that prematurity and socioeconomic status may affect similar processes,
which will be discussed in detail later.
Finally, no interaction between socioeconomic status and sex was found for language
principle components. An interaction between socioeconomic status and sex was expected, as
there is ample literature that has found that males born very preterm have poorer outcomes than
females born very preterm (Liao et al., 2015; Snowling et al., 2016), and that full-term, healthy
males from lower socioeconomic status have worse outcomes than females from lower
socioeconomic status (Barbu et al., 2015). However, as detailed in the prior section, the
literature on sex differences in mixed (Liao et al., 2015; Sansavini et al., 2011; Snowling et al.,
2016; Stolt et al., 2014).
NEUROANATOMICAL STRUCTURES AND LANGUAGE PERFORMANCE
Group differences in neuroanatomy was not the focus of current analyses. However, in
previous investigations, we found group differences on a principle component of fractional
anisotropy but not mean cortical thickness or mean surface area (Phillips et al., 2017). In
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addition, principle component of fractional anisotropy was significantly associated with full scale
IQ and verbal IQ (Phillips et al., 2017). In the present analyses, we did find small to large effect
sizes in cortical thickness, small to medium effect sizes in cortical surface area, medium to large
effect sizes in subcortical volumes, and large effect sizes in fractional anisotropy of white matter
microstructure for language regions. It is important to note that, in the present analyses, the
limited neuroanatomical regions included were chosen a priori given what is known to date about
their role in language acquisition and use.
Bilateral subcortical volumes significantly accounted for, but did not fully explain, group
differences in language principle components, specifically the putamen, thalamus, hippocampus,
and caudate. There is a paucity of similar research that investigates language functioning and
neuroanatomy at preschool and school age in children born very preterm to contextualize the
current findings. Young et al. (2015) found that growth of the caudate and putamen between
preterm birth and term equivalent age was associated with core language scores at 4 years of age.
In addition, term-equivalent thalamic volumes were significantly associated with higher IQ and
academic achievement at in preterm children at 7 years of age (Loh et al., 2017), learning and
memory performance at 7 years of age (Omizzolo et al., 2004). In very preterm adolescents,
smaller thalamic volumes was associated with poorer performance on verbal fluency tasks
(Gimenez et al., 2006). Similarly, caudate volume was significantly associated with verbal IQ,
as well as performance IQ and full scale IQ, at 7 years of age (Abernethy, Cooke, & FoulderHughes, 2004). Relatedly, reductions in caudate volume have been associated with increased
hyperactivity in adolescent males born very preterm (Nosarti et al., 2005) and reductions in
subcortical and thalamic volumes have been associated with increased psychiatric
symptomatology in adolescents born very preterm (Botellero et al., 2017).
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The role of subcortical regions in language learning, specifically the corticostriatal
learning circuit, has recently been emphasized. Children with developmental language disorder
and dyslexia have been found to perform more poorly than peers on procedural learning tasks,
specifically sequential procedural tasks and learning from feedback, which depend on
corticostriatal learning circuits (Krishnan, Watkins, & Bishop, 2016). Krishnan and colleagues
(2016) posited that, since the corticostriatal learning system has been implicated in acquiring
complex motor routines, these regions may be pertinent to language, specifically learning
categories from feedback. They went on to say that this system may have an impact on learning
aspects of language that involve elucidating complex probabilistic and sequential rules (Krishnan
et al., 2016). For our present investigation, this theory may be more relevant for some of our
language performance abilities, such as verbal fluency or complex receptive language, than
others, such as single word receptive or expressive language.
Therefore, dysfunction or slow development of the corticostriatal circuit may lead to
difficulties in language acquisition and use in children born very preterm. Corticostriatal
dysfunction may be an example of “encephalopathy of prematurity”, as the most common brain
injuries that accompany preterm birth include diffuse white matter injury, acute periventricular
hemorrhage, and periventricular leukomalacia (Volpe, 2009). These injuries can lead to
alterations in white matter and may impact connectivity of the brain, which may be due, in part,
to alterations in the periventricular migratory path of these connections (Volpe, 2009). In
particular, the connectivity of subcortical gray matter regions to cortical gray matter appear to be
particularly vulnerable, given the proximity to the periventricular foci of these brain injuries
(Karolis et al., 2016; Luciana, 2003). Specific regions most vulnerable include the brainstem,
basal ganglia, cerebellum, hippocampus, and the frontal cortex (Karolis et al., 2016; Luciana,
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2003; Ortinau & Neil, 2015; Volpe, 2009). Axonal development, in concert with subplate
growth, is most active during the second half of pregnancy and projection axons that originate
from the thalamus enter the cortex between 24 and 32 weeks gestation, which would be
interrupted by preterm birth (Volpe, 2009). In fact, research has found a relationship between
reductions in thalamic and cortical volume and disruption of the corticothalamic and
thalamocortical connections, which highlights the downstream consequences of developmental
interruption (Ortinau & Neil, 2015).
In the preterm literature, Young et al. (2015) found that the growth of subcortical
structures, specifically the caudate, putamen, and globus pallidus, in the first few weeks of life
following preterm birth was predictive of later neurodevelopmental outcomes at 4 years of age.
Growth of the caudate and putamen was associated with later IQ and language scores. The
authors went even so far as to call this early brain dysmaturation a “promising biomarker of
long-term outcomes” (Young et al., 2015, p. 367). Other authors have postulated that smaller
thalamic volumes may be used as a possible biomarker of injury in children born preterm (Ment,
Hirtz, & Huppi, 2009). Similarly, Loh et al. (2017) found that term-equivalent basal ganglia and
thalamic volumes were positively associated with IQ, academic abilities, and motor functioning
at 7 years of age.
In our current investigation, left hemisphere cortical thickness and surface area did not
significantly account for language principle components. However, post hoc analyses using
expressive language as the outcome measure found that left hemisphere cortical regions reached
significance, specifically pars opercularis thickness, left hemisphere pars triangularis thickness,
and left hemisphere superior temporal gyrus surface area. Prior research has found significantly
smaller cortical volumes at term-equivalent age (Inder et al., 2005) and in later childhood (Kesler
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et al., 2004; Reiss et al., 2004), although larger cortical volumes have also been found (Kesler et
al., 2004). Given the relatively slower growth trajectory of the cortex, these group differences
may become more prominent with age. There is limited research investigating cortical thickness
and surface area in children born very preterm. Environmental factors that influence cortical
thickness and surface area in infancy have been identified in healthy neonates. Gestational age at
birth was found to be negatively associated with cortical thickness and positively associated with
surface area, which highlights that cortical thickness and surface area should be regarded as
relatively independent phenotypes (Jha et al., 2019). There is accelerated cortical surface area
growth in the late fetal stage that is most likely influenced by the development of sulci, gyri, and
corticocortical connectivity (Jha et al., 2019).
White matter microstructure, specifically left hemisphere fractional anisotropy of specific
white matter tracts, did not significantly account for language principle components. In addition,
within the preterm group, no partial correlations between fractional anisotropy of white matter
microstructure and language principle components reached significance. However, within the
full-term group, left hemisphere inferior longitudinal fasciculus was significantly associated with
the language principle component at preschool and school age. The literature to date has found a
relationship between white matter microstructure and language outcomes in children born
preterm. At 22 months of age, larger fractional anisotropy of the bilateral arcuate fasciculi was
associated with higher cognitive and language performance in children born very preterm
(Salvan et al., 2017). Of note, while earlier gestational age was associated with arcuate fasciculi
microstructure, it only minimally modulated the identified link with later language abilities,
which highlights neuroplasticity in the preterm brain (Salvan et al., 2017). At 12 years of age,
higher performance on tasks of language abilities, verbal memory, and reading was associated
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with larger fractional anisotropy of a bilateral and distributed white matter network in the
preterm group but not the full-term group (Feldman et al., 2012). Specifically, verbal IQ and
receptive and expressive language abilities were associated with fractional anisotropy of the
bilateral ventral and dorsal tracts.
Some authors have investigated a number of neuroanatomical structures simultaneously
with cognitive functioning in an attempt to understand the global impact of preterm birth.
Interestingly, while Solsnes et al. (2016) found similar reductions in subcortical volumes in
school age children born very preterm as prior studies reported (Loh et al; 2017; Young et al.,
2015), they found limited microstructural and connectivity deficits and no relationship between
either subcortical volumes or diffusion MRI measures and IQ (Solsnes et al., 2016). This finding
may be due to this specific sample, as the very low birth weight participants performed in the
average range on measures of IQ, which is not representative of the literature overall. However,
there is evidence that neural plasticity following birth may allow for development of different
neural networks and compensatory neural connections that help facilitate optimal
neurodevelopment. Karolis et al. (2016) found stronger rich-cub architecture in the very preterm
brain when compared to controls, which is unexpected given that these participants have fewer
white matter resources than controls. The authors found that structural re-organization underlies
this architecture, specifically, connections between the basal ganglia and motor as well as
subcortical regions assume additional roles in the structural connectivity of the brain, which had
functional implications for cognitive functioning, including verbal IQ and rule learning (Karolis
et al., 2016).

82

SOCIOECONOMIC STATUS, NEUROANATOMICAL STRUCTURES, AND LANGUAGE PERFORMANCE
Previous sections presented on group differences in language performance,
socioeconomic status contributions to language performance, and neuroanatomical contributions
to language performance. In the present section, we attempt to disentangle the complex
relationship among these three variables. By presenting the results in this manner, we are able to
illuminate any differences found with these analytic approaches and attempt to understand what
may be driving these differences.
Socioeconomic status significantly accounted for, but did not fully explain, language
principle components when included in analyses with neuroanatomy. In analyses that did not
include socioeconomic status, bilateral putamen, thalamus, hippocampus, and caudate volumes
reached significance in language principle components. Interestingly, with socioeconomic status
in the analyses, the left hemisphere superior temporal gyrus thickness, bilateral thalamic volume,
bilateral caudate volume, and left hemisphere external capsule tract significantly accounted for,
but did not fully explain, language principle components. Prior research in healthy full-term
children has found that early experiences shape brain maturation and development, and that
lower socioeconomic status has been found to significantly impact neural development (Noble et
al., 2015). Pertinent aspects of socioeconomic status include quality and quantity of exposure to
linguistic stimulation (Brito & Noble, 2014), stress (McEwen & Gianros, 2010), family income
(Hanson et al., 2011; 2013), family income-to-needs ratio (Luby et al., 2013; Noble, Houston,
Kan, & Sowell, 2012), and parental education (Hanson et al., 2011; Lawson et al., 2013).
Neuroanatomical regions that may be particularly related to socioeconomic status include left
hemisphere language-supporting cortical regions (Brito & Noble, 2014), areas of the prefrontal
cortex (McEwen & Gianros, 2010) including cortical thickness in the left superior frontal gyrus
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and right anterior cingulate gyrus (Lawson et al., 2013), the hippocampus (Hanson et al., 2011;
Luby et al., 2013; McEwen & Gianros, 2010; Noble, Houston, Kan, & Sowell, 2012), the
amygdala (Luby et al., 2013; McEwen & Gianros, 2010), total white matter volumes (Luby et
al., 2013), total gray matter volumes (Hanson et al., 2013; Luby et al., 2013) and frontal and
parietal lobe volumes as well as reduced gray matter growth trajectory (Hanson et al., 2013). It
is important to note that these findings about socioeconomic status and neuroanatomy are
correlational. Further, determining causality is extremely difficult in research with human
populations and investigating language development in animals may have limited
generalizability to humans.
In the current findings, left hemisphere superior temporal gyrus thickness significantly
accounted for, but did not fully explain, language performance only when socioeconomic status
was included in the analysis. Left hemisphere middle temporal thickness and supramarginal
thickness were significantly associated with socioeconomic status in children born very preterm.
Follow up analyses found that left hemisphere pars opercularis thickness significantly accounted
for expressive language performance. Additional follow up analyses also found an interaction
between factors related to prematurity and socioeconomic status in the left hemisphere cortical
thickness analysis. These findings fit nicely within the literature to date. Cortical thickness has
been found to peak in the first two years of life and declines thereafter, while surface area grows
at a slower rate throughout childhood and early adolescence (Gilmore et al., 2018). Maternal
ethnicity and paternal education have been found to be significantly associated with cortical
thickness, while sex and obstetric history are significantly related to neonatal surface area (Jha et
al., 2019). Strike et al. (2019) reported heritability estimates to be up to 55% for cortical
thickness and up to 65% for surface area, although substantial environmental influence was also
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found for specific regions, including surface area of pars opercularis. Further, different genetic
influences were identified between hemispheres for the surface area of the superior temporal
gyrus and cortical thickness of the supramarginal gyrus, which is thought to be involved in
phonological and articulatory processing of words. Interestingly, in the current analyses
socioeconomic status was found to be significantly associated with left hemisphere cortical
thickness of the supramarginal gyrus only within children born very preterm and follow up
analysis found that prematurity was significantly associated with left hemisphere supramarginal
gyrus thickness.
Bilateral volumes of the thalamus and caudate continued to reach significance for
language principle components when socioeconomic status was included in the analyses.
Subcortical volume have been found to grow approximately 105% within the first year of life,
although the hippocampus grows at a slower rate of 85%, and 15% in the second year (Gilmore
et al., 2018). Interestingly, bilateral volumes of the putamen and hippocampus no longer reached
significance when socioeconomic status was included in the analyses. This finding is
unexpected for the hippocampus, as past research has found that it may be particularly sensitive
to factors related to socioeconomic status, including exposure to greater stress, as it contains high
concentration of glucocorticoid receptors (McEwen & Gianaros, 2010; Ursache & Noble, 2016).
It may be that the variance that was accounted for by the hippocampus in prior analyses was now
being accounted for by socioeconomic status, and there is support for this hypothesis in the
literature. Solsnes and colleagues (2016) found a significant correlation between full scale IQ
and hippocampal volume in school age children born very low birth weight but, after controlling
for socioeconomic status, this relationship no longer reached significance.
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The left hemisphere external capsule reached significance for language principle
components when socioeconomic status was included in the analyses. In addition, the smaller
left hemisphere external capsule was significantly associated with lower socioeconomic status in
children born very preterm. In the literature, at term equivalent age, reductions in fractional
anisotropy in the external capsule have been found (Rose et al., 2008; Young et al., 2017), with
additional reductions in infants born less than or equal to 28 weeks gestation (Anajari et al.,
2007). Fractional anisotropy reductions in the external capsule have also been found in
adolescents (Constable et al., 2008; Mullen et al., 2011) and young adults born preterm (Eikenes
et al., 2011). The external capsule is thought to contain associations fibers, including the
superior longitudinal fasciculus, inferior fronto-occipital fasciulus, and commissural fibers (Mori
et al., 2008). The external capsule is part of the corticostriatal circuit, which was described
previously in this paper in the section about subcortical findings. The external capsule is the
striatal fiber that is thought to span from the cerebral cortex to the putamen and caudate and also
to connect the prefrontal cortex and pre-supplementary motor area to more anterior parts of the
striatum (Dick, Bernal, & Tremblay, 2014). These regions then connect with the internal
pallidum and ventral anterior thalamus nuclei, which then target back to cortical areas, which is
the associative corticostriatal loop that has been implicated in the production of language (Dick,
Bernal, & Tremblay, 2014).
In the literature, reduced fractional anisotropy has been associated with lower
socioeconomic status in healthy, full-term children age 3 to 21 years of age. Interestingly,
socioeconomic status was found to moderate the relationship between fractional anisotropy and
cognitive flexibility, as lower fractional anisotropy was associated with poorer cognitive
flexibility in children from low socioeconomic status, but there was no relationship between
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fractional anisotropy and cognitive flexibility in children from higher socioeconomic status
(Ursache & Noble, 2016).
Post-hoc analyses presented here pertaining to socioeconomic status and prematurity
found that, when both are included in the analyses, there is a significant main effect for
socioeconomic status and a significant interaction between socioeconomic status and prematurity
for some analyses (left hemisphere cortical thickness and surface area) but neither
socioeconomic status nor the interaction reached significance for other analyses (subcortical
volumes and left hemisphere fractional anisotropy of white matter tracts). This is striking
because socioeconomic status had a strong and significant main effect in these analyses when
prematurity was not included.
STUDY LIMITATIONS
The current study is part of a randomized clinical trial investigating the impact of
erythropoietin-stimulating agents administered at birth as having possible neuroprotective effects
in children born very preterm or very low birth weight. As this is the case, it is important to
interpret the current findings in this larger context. Prior work from this dataset has found that
erythropoietin-stimulating agents may have a neuroprotective effect on full scale IQ,
performance IQ, and parent reported behavioral functioning (Lowe et al., 2017; Ohls et al.,
2016), but not verbal IQ or executive functioning (Ohls et al., 2016). As language performance
has not been found to be impacted by erythropoietin-stimulating agents, other factors likely
determine our current findings.
We recruited children from the Neonatal Intensive Care Unit at birth and followed them
longitudinally, which is a study design that is well suited to recruit a representative, populationbased sample of a clinical population. Additional very preterm children were recruited as well as
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full-term, healthy controls. While the current study design is common in the literature, it is
important to note that families with very preterm children recruited at birth from the Neonatal
Intensive Care Unit may be different than families who are recruited through other avenues, such
as through flyers at medical clinics or hospitals. Families recruited through flyers may be less
representative of the general population due to selection bias, as only certain families may have
access to these medical clinics or hospitals and also be interested and motivated to participate in
research studies. In addition, to be eligible for this study, very preterm infants had to have no
known significant congenital anomalies, genetic disorders, seizures, hypertension, thrombosis, or
hemolytic disease identified at birth. Therefore, the current findings may not be generalizable to
all very preterm infants.
In this research study, we were able to examine many aspects of language including
receptive language, expressive language, complex receptive language, verbal fluency, and verbal
working memory. Although there were clear advantages to using a language principle
component as the main outcome measure in the majority of the analyses, namely statistical
power, there are also potential limitations as well to using this data-driven approach. There is a
precedent in the literature to consolidate data in this way when investigating language
performance in children (Matov, Mensah, Coook, & Reilly, 2018). However, this strategy meant
that the neural substrates of these distinct language abilities were not investigated. Post-hoc
analyses were presented for the Picture Naming task, which found strikingly different results for
cortical thickness and cortical surface area. These different findings highlight the limitations of
using a language principle component, as the cortical neural substrates for specific language
abilities may differ and therefore be obscured when language performance is combined.
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Given the potential importance of the corticostriatal learning circuit, the principle
components may have prevented specific neural substrates of language performance from being
identified. In post hoc analyses, Picture Naming had the greatest number of significant
subcortical volumes, which included the putamen, thalamus, hippocampus, and caudate.
Comprehension of Instructions and Memory for Words each had three of these subcortical
volumes, Receptive Vocabulary had two of these volumes, and Word Generation only had one.
In addition, we were not able to evaluate all of the complexities of language including phonetics,
articulation, grammar, semantics, and emerging literacy and writing. It may be that more neural
substrates of language would have been found if these aspects of language were evaluated, rather
than language skills that are more typically related to IQ or executive functioning. Furthermore,
the current investigation was limited to performance-based measures of language; no parent or
examiner descriptive report of language function was included. These investigative tools may
have added additional facets to understanding these children’s overall language use in their dayto-day lives.
Neuroanatomical substrates of language were identified a priori based on an extensive
view of the literature, which included specific left hemisphere cortical thickness, cortical surface
area, and fractional anisotropy of white matter tracts and bilateral subcortical volumes. It may be
that additional regions not included in the current analyses may have accounted for language
performance. Past research has found language performance in children born very preterm to be
associated with a more bilateral and distributed neural network than in full-term controls (Berl et
al., 2014; Feldman et al., 2012; Murner-Lavanchy et al., 2014). In addition, our white matter
microstructure analyses were limited to fractional anisotropy. We did not investigate mean
diffusivity, axial diffusivity, or radial diffusivity in the current analyses. Interestingly, slower
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mean and radial diffusivity rates of change in the external capsule between preterm birth and
term equivalent age has been found to be associated with lower full scale IQ and language scores
at 4 years of age (Young et al., 2017).
It is difficult to speak to causality as it pertains to outcomes related to preterm birth, as
preterm birth is a complex and still poorly understood phenomenon. As preterm birth occurs
disproportionately in specific populations, it is also difficult to identify the ideal control group.
One of the aims of the current study was to investigate the impact of socioeconomic status.
Socioeconomic status is a complex construct, and many of the factors that compose
socioeconomic status may actually be proxies for other important forces in the lives of many
families. While the ethnic diversity of New Mexico can be considered a strength of the current
study, which includes a high percentage of children with Hispanic heritage, we had few children
from many of the diverse racial backgrounds that make up our society. This may limit the
generalizability of the current findings. In addition, there may be other factors that contribute to
a child’s functioning that were not captured in the current analyses. For example, early language
exposure in healthy, full-term children, independent of socioeconomic status, has been found to
be significantly related to stronger, more coherent white matter connectivity of the left
hemisphere, language supporting regions (Romeo et al., 2018). Furthermore, fractional
anisotropy of specific white matter tracts was found to mediate the relationship between
conversational turn-taking and verbal development (Romeo et al., 2018).
This study is limited by a modest sample size, especially for the full-term group. A larger
sample would have afforded more power, which would have allowed a more thorough
investigation of language performance, neuroanatomical substrates, and socioeconomic status.
With more power, the language principle components may have been more robust and
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neuroanatomical structures may have significantly accounted for performance. A larger sample
size would have allowed for more advanced statistical analyses, including mediation analyses, to
investigate if structural neuroanatomy mediates the effect of socioeconomic status on language
performance. A larger sample size would also have allowed for moderation analyses, to
investigate if prematurity moderates the relationship between socioeconomic status and structural
neuroanatomy. In addition, it could have facilitated the concurrent investigation of individual
socio-demographic factors that composed the socioeconomic and familial resources principle
components.
Finally, the extant literature is limited investigating concurrent neuroanatomical structure
and language performance in children born very preterm at preschool and school age. The
current study is unique in that it examines concurrent structural neuroanatomy and language
performance in preschool age children born very preterm and the relationship to school age
language performance. The current study is also unique in that it investigated a wide range of
structural neuroanatomic variables. Future studies should attempt to replicate these novel
findings.
IMPLICATIONS AND CONCLUSIONS
The overall goal of the current study was to examine language performance in preschool
and school-age children born very preterm and full-term. We attempted to identify possible
neuroanatomical substrates at preschool age that may relate to language performance at both
preschool and school-age. The current study also sought to identify structural brain variations
related to language performance in preschoolers and school-age children and determine the
impact of socioeconomic status on these neural features. Finally, there was also interest in
understanding and unpacking socioeconomic status.
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Findings from the current study contribute to this growing body of research.
Socioeconomic status has a strong relationship with language performance measures, which is
consistent with prior research (Brito & Noble, 2014; Noble et al., 2015). While this finding is
not novel, it is important to highlight as many researchers who investigate outcomes in children
born very preterm attempt to “account” for socioeconomic status by controlling for it, which may
include a single variable, such as parental education or income, or a composite (Wong &
Edwards, 2013). However, socioeconomic status is a complex construct that can be considered a
proxy of much more complex factors that contribute to lower social status in certain families.
Furthermore, preterm birth occurs disproportionately in diverse and low incomes families (Ferré
et al., 2016; Goldenberg et al., 2008). Current findings beg the question – what are we actually
doing when we “control” for socioeconomic status? Ideally, a covariate should not be related to
an outcome of either the dependent or independent variables. Research in clinical populations
typically does not create these ideal circumstances. Miller and Chapman (2001) emphasized the
pitfalls of using covariates in clinical populations, as these group differences may be meaningful
and substantive differences that are attributable to group membership itself. More recently and
relatedly, Dennis and colleagues (2009) caution about using a variable such as IQ as a covariate
in research investigating group differences in cognitive functioning in neurodevelopmental
disorders. They assert that covarying for variables such as socioeconomic status may adjust the
mean to a level that is not typically observable or representative of a given population and also
assumes a form of relationship between two variables not supported by the data (Dennis et al.,
2009). As preterm birth is inherently nonrandom, it is not possible to determine whether group
differences are random or a true group difference. The current statistical approach was an
attempt to illuminate just that, as analyses were conducted in a model-building fashion that
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allowed for comparison of findings with and without socioeconomic status. Additional post-hoc
analyses were performed to elucidate further these complex relationships.
While we found generally weak contributions of cortical structures to language
performance, these contributions were striking for subcortical structures. Our findings provide
support for the important role of the corticostriatal circuit in language acquisition and use in
children born very preterm, which is a novel proposition. Krishnan and colleagues (2016)
recently highlighted the importance of this circuit in children with developmental language
disorders and dyslexia. However, a recent review article on corticostriatal circuitry made no
mention of a possible role in language abilities (Haber, 2016), which highlights that this is still a
nascent area of research. Although prior research has shown that subcortical regions and
connectivity of subcortical gray matter regions to cortical gray matter appear to be particularly
vulnerable in children born preterm (Karolis et al., 2016; Loh et al., 2017; Luciana, 2003; Ment,
Hirtz, & Huppi, 2009; Ortinau & Neil, 2015; Volpe, 2009; Young et al., 2015), the role that
corticostriatal learning circuit may play in language acquisition and use in this population has not
yet been investigated.
Our findings have clinical implications regarding the importance of early intervention.
The ability to identify children who have language difficulties in the preschool period allows
those children to be targeted for early intervention. Children born full-term were found to
perform better on measures of language performance than preschoolers and school age children
very preterm. These findings suggest that poorer language acquisition and use that is often seen
in older children born very preterm may be identified prior to school entry and therefore can be
addressed through early and targeted interventions. A recent review paper provided an overview
of both the neural substrates and environmental contributions of atypical language development

93

in children born preterm and highlighted the importance of early intervention to fostering
optimal language outcomes (Vandormael et al., 2019). Research has found that there is a critical
period for development of language abilities that occurs in early childhood, which highlights the
urgency for early detection and intervention. Current findings indicate that early intervention
should be tailored to target specific neuroanatomical regions of weakness. Early intervention is
important not just for the preterm child, but for the whole family. There is evidence that parents
of children born very preterm are more likely to experience symptoms of depression and anxiety,
poorer family functioning, and increased parenting stress that is only partially accounted for by
social risk and child neurodevelopmental functioning (Treyvaud et al., 2014).
Finally, preterm birth is the leading cause of death in children under 5 years of age in the
United States. Infant mortality and morbidity are key indicators of a population’s health.
Overall rates of preterm birth have decreased in the United States over the last few decades;
however, these improvements are only observed in families who are non-Hispanic white or from
higher socioeconomic status. There are significant racial and ethnic disparities in preterm birth
rate (Ferré et al., 2016) and epidemiological studies have shown associations between poverty,
lower educational attainment, younger maternal age, unmarried status, and inadequate prenatal
care with increased risk of preterm birth (Muglia & Katz, 2010). Lu and colleagues (2010) have
developed a life course approach to understanding the black-white gap in birth outcomes. They
conceptualize birth outcomes as the end result of not just pregnancy itself but the entire life
course before pregnancy as well. This approach highlights the importance of policy to address
health disparities and change the broader social conditions in which significant portions of the
population live.
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Figure 1. Frequency Distribution of the Language Principle Component in Children born
Preterm at Preschool Age
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Figure 2. Frequency Distribution of the Language Principle Component in Children born FullTerm at Preschool Age
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Figure 3. Frequency Distribution of the Language Principle Component in Children born
Preterm at School Age
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Figure 4. Frequency Distribution of the Language Principle Component in Children born FullTerm at School Age
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Table 1
Sample Demographics at Preschool and School Age
Gestational Age (weeks), Mean (SD)
Birth Weight (grams), Mean (SD)
Sex, Female (%)
Preschool Test Age (months), Mean (SD)
School Age Test Age (months), Mean
(SD)
Yearly Income (%)
$9,999 or less
$10,000-$19,999
$20,000-$29,999
$30,000-$39,999
$40,000-$49,999
$50,000 or greater
Maternal Education (%)
<High school
High school degree
Some college
College degree or more
Maternal Age (years), Mean (SD)
Number of Family Moves, Mean (SD)
Number of Children < 6 yrs., Mean (SD)
Ethnicity, Hispanic (%)
Primary Language, English (%)

Preterm
27.94 (1.8)
1010.50 (215.9)
46.4
47.55 (3.8)
73.97 (5.5)

Full-Term
39.05 (1.4)
3252.41 (406.1)
58.3
45.04 (2.1)
73.38 (6.1)

15.9
23.3
18.8
8.7
4.3
29.0

8.7
8.7
21.7
17.4
13.0
30.4

t/c2
31.79***
25.90***
1.02
3.99***
0.40
1.41

1.94
15.9
23.2
29.0
31.9
27.5 (6.3)
1.5 (1.5)
1.8 (0.9)
43.5
88.4

* p < 0.05. ** p < 0.01. *** p < 0.001.
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8.7
13.0
26.1
52.2
29.9 (7.6)
1.2 (1.4)
1.7 (0.8)
58.3
87.0

1.37
0.69
0.51
1.58
0.03

Table 2
Language Performance by Group at Preschool Age
a

RV
PNa
CIa
WGa
MWb
LPC 1

Preterm
8.90 (3.4)
8.60 (3.1)
8.89 (3.8)
9.15 (2.8)
96.24 (14.0)
-0.14 (1.0)

Full-Term
10.62 (3.4)
10.40 (3.1)
9.81 (3.3)
9.62 (2.5)
114.55 (19.5)
0.35 (0.9)

Cohen’s d
0.51
0.58
0.26
0.18
1.08
0.52

Note. RV = Receptive Vocabulary; PN = Picture Naming; CI = Comprehension of Instructions; WG = Word
Generation; MW = Memory for Words; LPC 1 = Language Principle Component at Preschool Age.
a
indicates Standard Scores.
b
indicates Scaled Scores.
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Table 3
Language Performance by Group at School Age
a

RV
PNa
CIa
WGa
MWb
LPC 2

Preterm
9.19 (2.9)
8.69 (2.9)
8.73 (3.4)
8.30 (3.0)
97.64 (15.1)
-0.19 (1.0)

Full-Term
10.57 (2.6)
9.45 (3.0)
10.43 (3.0)
10.43 (2.3)
109.53 (19.5)
0.32 (0.9)

Cohen’s d
0.50
0.26
0.53
0.80
0.68
0.54

Note. RV = Receptive Vocabulary; PN = Picture Naming; CI = Comprehension of Instructions; WG = Word
Generation; MW = Memory for Words; LPC 2 = Language Principle Component at School Age.
a
indicates Standard Scores.
b
indicates Scaled Scores.
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Table 4
Language Performance by Sex at Preschool Age
a

RV
PNa
CIa
WGa
MWb
LPC 1

Male
8.60 (3.6)
8.32 (3.2)
8.14 (3.4)
8.74 (2.8)
98.59 (17.2)
-0.25 (1.0)

Female
10.18 (3.4)
9.87 (3.0)
10.23 (3.7)
9.85 (2.6)
103.16 (17.4)
0.28 (0.9)

Cohen’s d
0.45
0.50
0.59
0.41
0.26
0.56

Note. RV = Receptive Vocabulary; PN = Picture Naming; CI = Comprehension of Instructions; WG = Word
Generation; MW = Memory for Words; LPC 1 = Language Principle Component at Preschool Age.
a
indicates Standard Scores.
b
indicates Scaled Scores.
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Table 5
Language Performance by Sex at School Age
a

RV
PNa
CIa
WGa
MWb
LPC 2

Male
9.04 (2.9)
8.20 (2.8)
8.45 (3.6)
8.49 (2.9)
98.09 (18.0)
-0.28 (1.0)

Female
10.10 (2.6)
9.66 (2.9)
9.95 (3.0)
9.23 (3.1)
106.03 (17.6)
0.22 (0.9)

Cohen’s d
0.38
0.51
0.45
0.25
0.44
0.53

Note. RV = Receptive Vocabulary; PN = Picture Naming; CI = Comprehension of Instructions; WG = Word
Generation; MW = Memory for Words; LPC 2 = Language Principle Component at School Age.
a
indicates Standard Scores.
b
indicates Scaled Scores.
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Table 6
Neuroanatomical Structures by Group at Preschool Age
TCV
Left Hemisphere Cortical Thickness
POP
PT
POR
STG
MTG
FG
SG
Left Hemisphere Cortical Surface Area
POP
PT
POR
STG
MTG
FG
SG
Bilateral Subcortical Volumes
PU
PA
T
H
C
Left Hemisphere White Matter Tracts
SLF
UF
EC
ILF

Preterm
1366.98 (138.4)

Full-Term
1406.01 (133.7)

Cohen’s d
0.29

2.96 (0.2)
2.94 (0.3)
3.19 (0.4)
3.05 (0.3)
3.12 (0.3)
2.96 (0.2)
2.86 (0.3)

3.07 (0.2)
2.99 (0.1)
3.31 (0.2)
3.10 (0.2)
3.25 (0.2)
3.02 (0.1)
3.03 (0.1)

0.55
0.22
0.38
0.20
0.51
0.40
0.76

1516.72 (260.8)
1154.04 (193.0)
562.86 (77.0)
3444.72 (442.3)
2630.84 (524.1)
2890.02 (523.8)
3712.16 (677.8)

1528.71 (238.4)
1225.24 (182.4)
581.14 (105.0)
3520.76 (486.7)
2763.38 (294.9)
3071.33 (395.2)
3726.81 (507.6)

0.48
0.38
0.20
0.16
0.31
0.39
0.02

10490.20 (1210.8)
2827.62 (377.8)
11637.53 (1262.0)
6856.20 (727.8)
6516.57 (886.1)

11612.22 (913.5)
3158.83 (281.3)
12167.00 (1192.8)
7223.57 (668.2)
7239.96 (824.7)

1.05
0.99
0.43
0.53
0.85

0.33 (0.0)
0.29 (0.0)
0.28 (0.0)
0.29 (0.0)

0.36 (0.0)
0.34 (0.0)
0.30 (0.0)
0.33 (0.0)

1.08
2.05
1.07
1.79

Note. TCV = Total Intercranial Volume; POP = Pars Opercularis; PT = Pars Triangularis; POR = Pars Orbitalis.
STG = Superior Temporal Gyrus; MTG = Middle Temporal Gyrus; FG = Fusiform Gyrus; SG = Supramarginal
Gyrus; PU = Putamen; PA = Pallidum; T = Thalamus; H = Hippocampus; C = Caudate; SLF = Superior
Longitudinal Fasciculus; UF = Uncinate Fasciculus; EC = External Capsule; ILF = Inferior Longitudinal Fasciculus.
Standard deviations less than 0.05 are shown as 0.0.
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Table 7
Factor Loadings on Language Performance for Principle Components
RV
PN
CI
WG
MW

LPC 1
0.87
0.87
0.87
0.80
0.65

LPC 2
0.83
0.82
0.86
0.71
0.74

Note. LPC 1 = Language Principle Component at Preschool Age. LPC 2 = Language Principle Component at School
Age. RV = Receptive Vocabulary; PN = Picture Naming; CI = Comprehension of Instructions; WG = Word
Generation; MW = Memory for Words.
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Table 8
Pearson Correlations Among Language Performance at Preschool Age
RV
RV
PN
CI
WG
MW
LPC 1

0.62**
0.68***
0.43*
0.15
0.82***

PN
0.73***
0.80***
0.39
0.23
0.84***

CI
0.72***
0.65***
0.45*
0.28
0.89***

WG
0.64***
0.67***
0.68***
0.21
0.67***

MW
0.54***
0.52***
0.54***
0.52***

LPC 1
0.88***
0.85***
0.88***
0.84***
0.68***

0.45*

Note. Above the diagonal is preterm and below the diagonal is full-term. RV = Receptive Vocabulary; PN = Picture
Naming; CI = Comprehension of Instructions; WG = Word Generation; MW = Memory for Words; LPC 1 =
Language Principle Component at Preschool Age.
* p < 0.05. ** p < 0.01. *** p < 0.001.
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Table 9
Pearson Correlations Among Language Performance at School Age
RV
RV
PN
CI
WG
MW
LPC 2

0.59**
0.57*
0.57*
0.54*
0.49*

PN
0.64***

CI
0.31*
0.44**
0.50***

0.74***
0.74***
0.32
0.76***

0.37
0.73**

WG
0.56***
0.52***
0.53***
0.28*

LPC 2
0.67***
0.80***
0.73***
0.56***
0.62***

0.67**

Note. Above the diagonal is preterm and below the diagonal is full-term. RV = Receptive Vocabulary; PN = Picture
Naming; CI = Comprehension of Instructions; WG = Word Generation; MW = Memory for Words; LPC 2 =
Language Principle Component at School Age.
* p < 0.05. ** p < 0.01. *** p < 0.001.
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Table 10
Factor Loadings on Socio-Demographic Factors for Principle Components
Yearly Income
Maternal Education
Maternal Age
Number of Family Moves
Number of Children < 6 yrs.
Ethnicity
Primary Language

Socioeconomic Status
0.71
0.75
0.18
-0.18
-0.19
0.71
-0.77
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Familial Resources
-0.43
-0.35
-0.81
0.73
0.51
-0.22
-0.22

Table 11
Partial Correlations Among Language Performance and Cortical Thickness
LPC 1
LPC 1
LPC 2
POP
PT
POR
STG
MTG
FG
SG

0.99***
-0.38
0.02
0.12
-0.33
-0.19
-0.25
-0.19

LPC 2
0.99***
-0.36
0.03
0.143
-0.33
-0.17
-0.24
-0.17

POP
-0.19
-0.19
0.16
0.35
0.49*
0.47*
0.18
0.32

PT
POR
0.02
-0.05
0.04
-0.05
0.47** 0.52***
0.47**
0.57*
0.40
0.60**
0.45
0.58**
0.50*
0.37
0.52* 0.59**

STG
MTG
FG
SG
-0.21
-0.17
-0.12
-0.11
-0.20
-0.16
-0.13
-0.10
0.59*** 0.62*** 0.60*** 0.56***
0.39** 0.57*** 0.43** 0.35*
0.63*** 0.68*** 0.66*** 0.78***
0.79*** 0.74*** 0.72***
0.63**
0.84*** 0.77***
0.50* 0.65**
0.66***
0.66** 0.83*** 0.62**

Note. Above the diagonal is preterm and below the diagonal is full-term. LPC 1 = Language Principle Component at
Preschool Age; LPC 2 = Language Principle Component at School Age; POP = Pars Opercularis; PT = Pars
Triangularis; POR = Pars Orbitalis; STG = Superior Temporal Gyrus; MTG = Middle Temporal Gyrus; FG =
Fusiform Gyrus; SG = Supramarginal Gyrus.
* p < 0.05. ** p < 0.01. *** p < 0.001.
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Table 12
Partial Correlations Among Language Performance and Cortical Surface Area
LPC 1
LPC 1
LPC 2
POP
PT
POR
STG
MTG
FG
SG

0.99***
-0.06
-0.32
-0.18
0.12
-0.01
0.19
0.06

LPC 2
0.99***
-0.07
-0.33
-0.20
0.12
-0.01
0.20
0.06

POP
-0.04
-0.05
0.40
0.61**
0.38
-0.27
-0.33
0.16

PT
-0.06
-0.06
0.37*

POR
0.03
0.02
0.05
-0.01

0.41
-0.07
-0.31
-0.24
-0.18

0.34
-0.21
-0.19
-0.15

STG
0.17
0.17
0.41*
0.25
0.07
0.38
0.06
0.39

MTG
-0.03
-0.05
0.32*
-0.09
0.39**
0.18
-0.04
0.16

FG
-0.05
-0.07
0.13
0.10
0.12
0.34*
0.40**

SG
0.08
0.09
0.16
-0.14
0.33*
0.46**
0.29*
0.46**

0.23

Note. Above the diagonal is preterm and below the diagonal is full-term. LPC 1 = Language Principle Component at
Preschool Age; LPC 2 = Language Principle Component at School Age; POP = Pars Opercularis; PT = Pars
Triangularis; POR = Pars Orbitalis; STG = Superior Temporal Gyrus; MTG = Middle Temporal Gyrus; FG =
Fusiform Gyrus; SG = Supramarginal Gyrus.
* p < 0.05. ** p < 0.01. *** p < 0.001.
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Table 13
Partial Correlations Among Language Performance and Subcortical Volume
LPC 1
LPC 1
LPC 2
PU
PA
T
H
C

0.99***
0.13
0.37
-0.06
0.32
0.42

LPC 2
0.99***
0.14
0.36
-0.06
0.30
0.42

PU
-0.10
-0.09

PA
0.06
0.06
0.78***

0.17
-0.37
0.44
0.18

0.26
0.48*
0.52*

T
-0.03
-0.030
0.17
0.29*
-0.17
0.44

H
0.13
0.11
0.14
-0.04
0.32*

C
0.33*
0.35*
0.53***
0.54***
0.26
0.10

0.26

Note. Above the diagonal is preterm and below the diagonal is full-term. LPC 1 = Language Principle Component at
Preschool Age; LPC 2 = Language Principle Component at School Age; PU = Putamen; PA = Pallidum; T =
Thalamus; H = Hippocampus; C = Caudate.
* p < 0.05. ** p < 0.01. *** p < 0.001.
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Table 14
Partial Correlations Among Language Performance and White Matter Microstructure
LPC 1
LPC 1
LPC 2
SLF
UF
EC
ILF

0.99***
0.23
0.46
0.48
0.58*

LPC 2
0.99***
0.23
0.45
0.49
0.57*

SLF
-0.02
-0.01
0.50
0.36
0.53*

UF
-0.21
-0.20
0.61***
0.75**
0.56*

EC
-0.05
-0.05
0.69***
0.73***

ILF
-0.20
-0.20
0.75***
0.70***
0.63***

0.64*

Note. Above the diagonal is preterm and below the diagonal is full-term. LPC 1 = Language Principle Component at
Preschool Age; LPC 2 = Language Principle Component at School Age; SLF = Superior Longitudinal Fasciculus;
UF = Uncinate Fasciculus; EC = External Capsule; ILF = Inferior Longitudinal Fasciculus.
* p < 0.05. ** p < 0.01. *** p < 0.001.
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Table 15
Repeated Measures General Linear Models for Language Principle Components With and
Without Socioeconomic Status
Without SES

With SES

Group (p = 0.03)

SES (p < 0.01)
STG (p = 0.03)
PT (p = 0.07)
SG (p = 0.10)

Group (p = 0.04)
STG (p = 0.09)

Group (p = 0.03)
STG (p = 0.08)
SES (p < 0.01)

PU (p = 0.01)
T (p = 0.02)
H (p = 0.04)
C (p < 0.01)

PU (p = 0.05)
T (p = 0.02)
SES (p < 0.01)
C (p < 0.01)

LPC*Group (p = 0.04)
LPC (p = 0.10)

LPC*Group (p = 0.07)
LPC (p = 0.08)

Group (p = 0.02)

Group (p = 0.07)
SES (p < 0.01)
EC (p < 0.05)
UF (p = 0.06)

Left Hemisphere Cortical Thickness
Within-subject effects
Between-subject effects

Left Hemisphere Cortical Surface Area
Within-subject effects
Between-subject effects
Bilateral Subcortical Volumes
Within-subject effects
Between-subject effects

Left Hemisphere White Matter Tracts
Within-subject effects
Between-subject effects

Note. SES = Socioeconomic Status Principle Component; LPC = Language Principle Components; PT = Pars
Triangularis; STG = Superior Temporal Gyrus; SG = Supramarginal Gyrus; PU = Putamen; T = Thalamus; H =
Hippocampus; C = Caudate; UF = Uncinate Fasciculus; EC = External Capsule.
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Table 16
Repeated Measures General Linear Models for Picture Naming With and Without
Socioeconomic Status
Left Hemisphere Cortical Thickness
Within-subject effects

Between-subject effects

Left Hemisphere Cortical Surface Area
Within-subject effects

Between-subject effects
Bilateral Subcortical Volumes
Within-subject effects
Between-subject effects

Without SES

With SES

POR (p = 0.01)
MTG (p = 0.03)
PT (p = 0.06)
FG (p = 0.07)

POR (p = 0.03)
MTG (p = 0.02)
PT (p = 0.05)
FG (p = 0.09)
STG (p = 0.10)

POP (p = 0.04)
PT (p = 0.04)
Group (p = 0.07)

SES (p < 0.01)
PT (p = 0.05)

TCV (p = 0.04)
FG (p = 0.01)

TCV (p = 0.03)
FG (p = 0.01)
Group (p = 0.04)

STG (p = 0.04)

SES (p < 0.01)

C (p = 0.02)

C (p = 0.02)

PU (p < 0.01)
T (p = 0.02)
H (p = 0.02)
C (p < 0.01)

SES (p < 0.01)
T (p = 0.02)
C (p < 0.01)

Left Hemisphere White Matter Tracts
Within-subject effects
Between-subject effects

SES (p < 0.01)

Note. SES = Socioeconomic Status Principle Component; TCV = Total Intercranial Volume; POP = Pars
Opercularis; PT = Pars Triangularis; POR = Pars Orbitalis; STG = Superior Temporal Gyrus; MTG = Middle
Temporal Gyrus; FG = Fusiform Gyrus; PU = Putamen; T = Thalamus; H = Hippocampus; C = Caudate.
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